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INTRODUCTION 

By Carolyn S. Leach, Ph. D.  

The t h i r d  Endocrine Program Conference was conducted i n  November of 1972 
at t h e  NASA Lyndon B. Johnson Space Center. The purpose w a s  a p a r t  of t h e  con- 
t i nu ing  e f f o r t  t o  f u l l y  understand and t o  evaluate  t h e  endocrine changes 
observed during previous manned missions and, thereby,  t o  f u r t h e r  understanding 
of  the  physiological  adaptat ion of man t o  t h e  space-fl ight environment. Inves- 
t i g a t o r s  repor ted  on work pe r t inen t  t o  t h e  ove ra l l  program developed i n  support 
of t h e  Apollo missions and t h e  long-duration Skylab f l i g h t s .  The goals  of t h i s  
program continue t o  be of utmost importance and, indeed, t h e  relevance of these  
goals has been augmented as man f u r t h e r  extends himself and h i s  technology i n t o  
space. For t h e  purpose of review, these  goals a re  r e s t a t e d  here .  

1. The establishment (and cont inua t ion)  of an opera t iona l  labora tory  f o r  
immediate endocrinologic assays a t  t h e  NASA Lyndon B. Johnson Space Center 

2 .  The assembly of a group of endocrine experts  who a r e  q u a l i f i e d  t o  
advise  on procedures and t h e  i n t e r p r e t a t i o n  of da ta  

3. The advancement of t h e  f i e l d  of endocrinology by t h e  appl ica t ion  of 
a n a l y t i c a l  procedures t h a t  a r e  low i n  sample-volume requirements but  t h a t  are 
high i n  s p e c i f i c i t y  

A s  i n  previous conferences, t h e  at tendees of t h i s  t h i r d  annual NASA 
Lyndon B. Johnson Space Center Endocrine Program Conference cons is ted  of those  
who were chosen t o  he lp  conduct t h e  program. 
discussion of work i n  h i s  a rea  of spec ia l i za t ion  and r e l a t e d  h i s  cont r ibu t ions  
i n  support  of t h e  program, e i t h e r  wi th  respect  t o  s tud ie s  o r  t o  t h e  development 
of methodology. The tape-recorded t r a n s c r i p t s  of t hese  presenta t ions  were sub- 
m i t t e d  t o  t h e  authors f o r  e d i t i n g  and then were compiled i n t o  these  proceedings. 

Each pa r t i c ipan t  presented a 
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1. ENDOCRINE/METABOLIC RESPONSES OF THE APOLLO 16  CR-N 

By Carolyn S. Leach, Ph. D. 

INTRODUCTION 

The Endocrine Laboratory conducted biochemical analyses t o  record t h e  t i m e  
course, t h e  ex ten t ,  and t h e  e t io logy  of f l u i d / e l e c t r o l y t e  and hormonal changes 
r e s u l t i n g  from t h e  Apollo 16 crewmen's exposure t o  space f l i g h t .  
a t i o n a l  s tud ie s  were designed t o  study two aspects  of endocrine/metabolic 
homeostasis. The f irst  group of tests measured f l u i d / e l e c t r o l y t e  concentrat ion 
changes and examined t h e  mechanisms cont ro l l ing  t h e  changes observed after this 
and previous missions ( r e f s .  1-1 and 1-2) .  The radionucl ide f l u i d  volume 
s t u d i e s  were p a r t  of t h i s  s e r i e s  of t e s t s ;  they were designed t o  q u a n t i t a t e  t h e  
volume changes t h a t  accompany prolonged exposure t o  weightlessness.  A s  i n  t h e  
Apollo 1 5  mission, t o t a l  body exchangeable potassium (K) w a s  measured t o  study 
f u r t h e r  t h e  e f f e c t  of weightlessness on t h e  metabolism of t h i s  i n t r a c e l l u l a r  
e l e c t r o l y t e .  

These oper- 

I n  t h e  second group of tests, changes i n  t h e  hormones t h a t  a r e  e s s e n t i a l  
f o r  t h e  maintenance of biochemical i n t e g r i t y  were recorded. These s tud ie s  
allow an est imate  of t h e  physiological  c o s t  of space f l i g h t  t o  t h e  ind iv idua l  
crewman. 

METHODS 

Approximately 45 milliliters of venous blood were drawn and analyzed 30, 
15, and 5 days before  t h e  f l i g h t  (F-30, F-15, and F-5) t o  a s c e r t a i n  t h e  hea l th  
s t a t u s  of t h e  crewmen and t o  e s t a b l i s h  'oasel inr  values f o r  postmission compar- 
ison.  
recovery and 1, 3, and 7 days a f t e r  r e c z w r y  (R+1, R+3,  and R + 7 ) .  A l l  blood 
samples, except those  drawn ASAP d . e r  splashdown, were obtained f a s t i n g .  

Similar  amounts of blood were d r a m  as soon as poss ib l e  (ASAP) a f t e r  

Urine samples were co l lec ted  from each man every 24 hours beginning t h e  
same day as t h e  blood co l l ec t ion .  Additional samples were co l l ec t ed  during t h e  
l as t  72 hours p r e f l i g h t ,  t h e  second day dur ing  f l i g h t ,  and t h e  f irst  72 hours 
p o s t f l i g h t .  All ur ine  w a s  a l iquoted ,  s t a b i l i z e d ,  and frozen f o r  f u t u r e  anal- 
y s i s  except t h e  i n - f l i g h t  samples, which were preserved with 1 0  grams of boric  
a c i d  and held a t  spacecraf t  temperatures u n t i l  a f t e r  t h e  mission. 

The crewmen consumed food of t h e i r  own choice un t i l  3 days before flight. 
A t  t h a t  t ime,  a d i e t  of known composition was provided throughout t h e  mission 
am? 72 hours a f t e r  recovery. 
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Analyses of t h e  blood samples (plasma or serum) included, among o the r s :  
osmolal i ty ,  sodium (Na) , K, ch lo r ide  ( C 1 )  , adrenocort icotrophic  hormone (ACTH) , 
angiotensin I, c o r t i s o l ,  human growth hormone (HGH) , i n s u l i n ,  and parathyroid 
hormone. The 24-hour u r i n e  samples were analyzed f o r  e l e c t r o l y t e s  , osmolal i ty ,  
volume, a ldosterone,  hydrocortisone, a n t i d i u r e t i c  hormone (ADH),  t o t a l  and 
f r ac t iona ted  ke tos t e ro ids  , and amino ac ids .  

The radionucl ide s t u d i e s  were performed on t h e  schedule appearing i n  
t a b l e  1-1. 
were s tudied  u n t i l  F-5; t he  t h r e e  con t ro l  physicians were followed throughout. 
Calculated r ad ia t ion  exposures f o r  t h e  doses used a r e  shown i n  t a b l e  1-11. 

Using methods descr ibed previously ( r e f .  1-31, t h e  backup crewmen 

RESULTS 

Table 1-111 conta ins  the  24-hour u r ine  samples da t a  on t h e  t h r e e  crewmen. 
The lunar  module p i l o t ' s  i n - f l i g h t  sample had increased  K. P o s t f l i g h t  samples 
from a l l  t h r e e  crewmen had decreased N a y  K,  C 1 ,  and volume; osmola l i ty  remained 
unchanged. T i t r a t a b l e  a c i d i t y  d i d  not  change from p r e f l i g h t  values .  

Because of t h e  prolonged exposure t o  increased  temperature,  t h e  i n - f l i g h t  
u r ine  samples were not s u i t a b l e  f o r  catecholamine o r  ADH ana lys i s .  Epinephrine 
w a s  elevated during m o s t  of t h e  preflight period, and i n  the postflight per iod  
i n  the  luna r  module p i l o t ' s  sample. Norepinephrine remained wi th in  normal 
range throughout t h e  c o l l e c t i o n  per iods.  Hydrocortisone w a s  e leva ted  i n  t h e  
p r e f l i g h t  per iod f o r  t h e  commander ( C D R )  and t h e  luna r  module p i l o t  (LMP). 
i n - f l i g h t  sample demonstrated e l eva ted  c o r t i s o l  for t h e  CDR and t h e  LMP, with 
normal concentrat ions i n  t h e  command module p i l o t ' s  sample. To ta l  * 

17-hydroxycorticosteroids were normal t o  decreased f o r  t h e  i n - f l i g h t  sample and 
decreased p o s t f l i g h t  f o r  t h e  CDR and t h e  command module p i l o t  ( C M P ) .  

The 

Aldosterone w a s  normal t o  decreased for  t h e  in - f l i gh t  sample and the  
immediately p o s t f l i g h t  sample. An t id iu re t i c  hormone w a s  e leva ted  i n  t h e  
sample from t h e  LMP and t h e  CMP and normal i n  t h e  CDR's sample immediately 
p o s t f l i g h t .  
t h r e e  crewmen and e leva ted  concent ra t ion  for t h e  in - f l i gh t  sample on the  LMP. 
The 17-ketosteroid f r a c t i o n a t i o n  da ta  given i n  tables l - I V ( a )  t o  1-IV(c) 
demonstrated s i g n i f i c a n t  i nc reases  i n  t h e  in - f l i gh t  sample. For t h e  CDR, t hese  
included pregnanediol (PD), androsterone ( A N D ) ,  e t iocholanolone ( E t i o ) ,  dehy- 
droepiandrosterone (DHEA) , ll=O et iocholanolone (ll=O E t i o )  , 11-OH androsterone 
(11-OH AND), and 11-OH e t iocholanolone (11-OH E t i o ) ;  f o r  t h e  LMP, t he  e leva ted  
f r a c t i o n s  were P D ,  AND, Et io ,  D H U ,  l l = O  E t io ,  l l = O  AND, 11-OH E t i o ;  t h e  CMP 
had no s i g n i f i c a n t  change i n  t h e  i n - f l i g h t  sample. The p o s t f l i g h t  samples 
demonstrated normal p a t t e r n s  (comparable t o  t h e  p r e f l i g h t  p a t t e r n s )  f o r  a l l  
t h r e e  crewmen. However, t h e  R + 1  sample of t h e  CMP evidenced a t r e n d  toward 
e l eva t ion  i n  PD and 11-OH Et io .  

The t o t a l  17-ketosteroids  demonstrated decreases  p o s t f l i g h t  i n  a l l  

Tables l - V ( a )  t o  l -V(c)  conta in  t h e  u r ina ry  amino ac id  excre t ion  pat-  
t e r n s  of a l l  t h r e e  crewmen. These p a t t e r n s  demonstrate changes i n  each crew- 
member f o r  i n - f l i gh t  and p o s t f l i g h t  samples, and these  changes become more 
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s i g n i f i c a n t  considering t h a t  from 72 hours p r e f l i g h t  they  w e r e  consuming a 
monitored d i e t a r y  intake.  Spec i f i ca l ly ,  t he  glycine excre t ion  of a l l  three 
men was elevated i n  t h e  i n - f l i g h t  samples; sarcosine was e leva ted  i n  t h e  CDR 
and CMP i n  t h e  in - f l i gh t  samples, as were t h e  aminobutyric acZds i n  t h e  CDR 
and I". P o s t f l i g h t  glycine w a s  decreased i n  a l l  crewmen, and t au r ine  w a s  
e leva ted  i n  t h e  CDR and t h e  CMP. 

Table 1 - V I  conta ins  t h e  serum/plasma r e s u l t s .  I n  t h e  ASAP samples, N a  and 
osmolal i ty  were s l i g h t l y  e levated and K s l i g h t l y  decreased for a l l  t h r e e  crew- 
members; c o r t i s o l  decreased s l i g h t l y  f o r  t he  CDR and t h e  CMP; angiotensin I w a s  
markedly e leva ted  f o r  a l l  t h ree  men but  had returned t o  normal by t h e  next 
sample per iod;  and HGH w a s  e levated i n  t h e  C M P .  
mones demonstrated no changes i n  any crewmember. 
appear t o  be s i g n i f i c a n t l y  changed i n  t h e  crewmen's samples p o s t f l i g h t .  
values  reported were c lose  t o  t h e  de tec t ion  limits of t h i s  assay. 

In su l in  and t h e  thyro id  hor- 
Parathyroid hormone d id  not 

All 

The measured body f l u i d  volumes are shown i n  t a b l e  1 - V I I ;  these  same data, 
expressed as m i l l i l i t e r s  per  kilogram of body weight, are shown i n  
t a b l e  1 - V I I I .  The derived volumes a r e  shown i n  t a b l e  1 - I X .  

A s  i n  o ther  missions,  t he re  was a decrease i n  plasma volume ASAP. The 
plasma volume d e f i c i t  had been made up by R+1. 
ASAP, as w a s  t h e  e x t r a c e l l u l a r  f l u i d .  The mean percent decrease of i n t r a -  
c e l l u l a r  fluid i s  g r e a t e r  than t h e  percent decrease i n  t h e  e x t r a c e l l u l a r  f l u i d .  
A s  i n  pas t  missions,  t h e  con t ro l s  showed increased plasma volume and extra-  
c e l l u l a r  f l u i d .  

Tota l  body water w a s  decreased 

When t h e  same data are cor rec ted  f o r  body weight, t h e  plasma volume 
decreases a r e  reduced t o  zero. Relat ive t o  body weight, t he re  i s  an increase  
i n  t o t a l  body water, e x t r a c e l l u l a r  f l u i d ,  and i n t r a c e l l u l a r  f l u i d .  In t e r -  
s t i t i a l  f l u i d  shows the  g r e a t e s t  percent increase.  

Table 1-X conta ins  t h e  t o t a l  body K data. The crewmembers s t a r t e d  with 
higher  t o t a l  body K than d id  t h e  cont ro ls .  There w a s  a s ign i f i can t  increase  
i n  t o t a l  body exchangeable K of t h e  crew postmission w i t h  a tendency t o  r e t u r n  
toward normal at R+7. 

DISCUSSION 

Resul t s  from previous missions have shown t h a t  t h e  combined condi t ions of 
space f l i g h t  cause man t o  r eac t  with changes i n  endocrine/metabolic parameters 
( r e f .  1 -4 ) .  
induced s h i f t s ,  f l u i d / e l e c t r o l y t e s  have been recorded a f t e r  every Apollo 
mission t o  da te  ( r e f s .  1-5 and 1-6). In  general ,  t h e  r e s u l t s  given i n  
tables 1-11 t o  1-V do not d i f f e r  from previously reported data. The exceptions 
warrant considerable  discussion.  

Although t h e r e  has been v a r i a t i o n  i n  t h e  entent  of hormonally 

Apollo 16 w a s  t h e  f i rs t  mission s ince  Gemini VI1 i n  which ur ine  samples 
co l l ec t ed  during f l i g h t  from t h e  crewmen were returned for analys is .  The 
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17-hydroxycorticosteroids were found t o  be s i g n i f i c a n t l y  decreased during t h a t  
14-day Gemini V I 1  mission ( r e f .  1-7).  Likewise, t o t a l  17-hydroxycorticosteroids 
were decreased i n  t h e  second day in - f l i gh t  specimen from t h e  Apollo 16 crewmen. 
Ordinar i ly ,  if t o t a l  l7-OK excret ion decreases ,  a decrease i n  c o r t i s o l  would be 
expected. However, c o r t i s o l  excret ion during t h i s  i n - f l i gh t  phase of t h i s  
mission w a s  s i g n i f i c a n t l y  e levated i n  t h e  C D R ' s  and the  LMP's specimens and 
normal i n  t h e  CMF's specimen. (No value w a s  lower than p re f l igh t  or post-  
f l i g h t  va lues . )  
s torage program t h a t  a f f ec t ed  the  hydroxycorticosteroid analyses o r ,  more 
l i k e l y ,  changes i n  blood flow t o  the  l i v e r  t h a t  a l t e r e d  the  conjugation of t h e  
f r e e  hormone r e s u l t i n g  i n  decreased excret ion of 17-hydroxycorticosteroids. 

The diverging of t hese  r e s u l t s  could be  r e l a t e d  t o  e i t h e r  a 

Pos t f l i gh t  decreases i n  t h e  plasma c o r t i s o l  and ACTH have been observed 
a f t e r  almost a l l  Apollo missions. 
t o  be explained ( r e f .  1-8). However, l i k e  t h e  in - f l i gh t  ur ine  sample, a 
p o s s i b i l i t y  e x i s t s  t h a t  t he  decreases measured were r e l a t e d  t o  changes i n  
adrenal  s t e r o i d  conjugation by t h e  l i v e r .  

The exact cause of these  decreases remains 

In severa l  endocrine-related d iseases ,  t h e  determination of ur inary  
17-ketosteroids ,  e i t h e r  t o t a l  or f r a c t i o n s ,  has been he lp fu l  i n  both under- 
s tanding and diagnosis .  I n  c e r t a i n  other  problems as we l l  as i n  many so-called 
nonendocrine condi t ions ,  t h e  value of t h e  t e s t  has been l imi t ed  because of t h e  
normal day-to-day v a r i a t i o n s  i n  excre t ion  ( r e f .  1-9). However, i n  this  study, 
t h e  p r e f l i g h t  b a s e l i n e  w a s  s u f f i c i e n t  t o  allow comparisons t o  be made f o r  each 
man t o  h i s  p r e f l i g h t  values .  I n  this comparison, c e r t a i n  compounds were s ig-  
n i f i c a n t l y  changed from p r e f l i g h t  values  of  t h e  CDR and t h e  LMP. These two 
crewmen had twofold increases  i n  t o t a l  l i ' -ketosteroids,  which included almost 
a l l  f r a c t i o n s .  The g r e a t e s t  increase  w a s  i n  DHEA. The exact funct ion of t h i s  
s t e r o i d  i s  not known, but  i t s  secre t ion  appears t o  be a response t o  s t r e s s  
( r e f .  1-9). The DHEA has been examined a l s o  f o r  i t s  inf luence  on ni t rogen and 
mineral  metabolism : r e f .  1-10>. The f r ac t iona ted  17-ketosteroid r e s u l t s  
support other  i n d i c a t i o n s  of s t r e s s  i n  the  CDR and t h e  LMF during t h e  f l i g h t .  
Whether t h e  s t r e s s  w a s  r e l a t e d  t o  t h e i r  a n t i c i p a t i o n  of t h e  lunar  landing o r  
was due t o  t h e  ind iv idua l  b io logic  d i f f e rence  from t h e  CMP remains unclear .  It 
i s  s i g n i f i c a n t  t o  note  t h a t  t h e  g r e a t e s t  changes were i n  those  compounds of 
adrenal  or ig in .  

The changes i n  amino ac id  excret ion p a t t e r n s  a r e  thought t o  be r e l a t e d  t o  
d i e t  as wel l  as t o  muscular a c t i v i t y .  
a c i d  excre t ion ,  r e n a l  th reshold ,  glomular f i l t r a t i o n  rate, and c e l l u l a r  u t i l i -  
zation e n t e r  i n t o  t h e  t o t a l  explanat ion (ref.  1-11). Furthermore, t h e  r e l a t ion -  
sh ip  between adrena l  s t e r o i d  a c t i v i t y  and amino ac id  excre t ion  must be 
considered because it has been es tab l i shed  t h a t  adrena l  s t e r o i d s  a l ter  ur inary  
excret ion p a t t e r n s  of amino ac ids  ( r e f .  1-12).  Glycine, s i g n i f i c a n t l y  e leva ted  
i n  t h e  in - f l i gh t  sample f o r  a l l  t h r e e  crewmen, i s  required by t h e  body f o r  
formation of nucleic  ac id ,  porphyrins,  c r ea t ine ,  hippuric  a c i d ,  and b i l e  ac id  
conjugates ( r e f .  1-13). Therefore, t h e  increased excre t ion  of t h i s  amino a c i d  
could be r e l a t e d  t o  c e l l u l a r  m a s s  l o s s  or  t o  t h e  suspected decrease i n  l i v e r  
blood flow. Sarcosine,  another amino ac id  showing e l eva t ions  during f l i g h t ,  i s  
r e l a t e d  t o  muscle p r o t e i n  and may be i n d i c a t i v e  of muscle breakdown during 
f l i g h t .  

However, as i n  every study of amino 
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Thyroid a c t i v i t y  appears t o  have undergone no change from p r e f l i g h t  t o  
p o s t f l i g h t  values  as measured by thyroid (T) hormones T The l e v e l s  of 

t hese  c i r c u l a t i n g  hormones give ind ica t ions  of changes i n  metabolism and i n  t h e  
thyro id  gland. 

and T4. 3 

Parathyroid hormone l e v e l s  were examined on these  crewmen t o  assess cal-  
cium and phosphorus metabolism. 
values  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  p r e f l i g h t  c o n t r o l  values ,  it i s  con- 
cluded t h a t  i f  changes occurred i n  calcium metabolism during t h i s  mission, they  
were not r e f l e c t e d  by t h e  a c t i v i t y  of t h i s  hormone. 

Because those assessments d id  not i nd ica t e  

All t h r e e  of t h e  crewmen consumed fewer c a l o r i e s  during t h e  mission than 
Furthermore, data from one day they  did during t h e  p r e f l i g h t  cont ro l  per iod.  

during f l i g h t  i nd ica t e  t h a t  t h e  crewmen were i n  negat ive n i t rogen  balance,  Net 
pro te in  synthes is  i n  t h e  body i s  unl ike ly  during decreased food intake.  
CM€"s  pos t f l i gh t  increase  i n  HGH may represent  an attempt t o  keep ni t rogen l o s s  
a t  a minimum by s t imula t ing  pro te in  synthes is  t o  as high a l e v e l  as poss ib le .  

The 

The f l u i d / e l e c t r o l y t e  changes observed during t h i s  mission must be viewed 
i n  r e l a t i o n  t o  t h e  d i e t  consumed by t h e  crewmen as w e l l  as s p e c i f i c s  of mission 
a c t i v i t y .  The second day during f l i g h t  showed no change i n  u r ine  volume. This 
r e s u l t  becomes s i g n i f i c a n t  when t h e  in t ake  data are reviewed and compared t o  
p r e f l i g h t  averages,  because the re  were s i g n i f i c a n t  decreases f o r  a l l  three 
crewmen i n  water i n t ake  on that day. 
water l o s s  i s  high i n  t h e  command module. 
w a s  decreased i n  a l l  t h r e e  crewmen. This f inding agrees  wi th  data from pre- 
vious Apollo missions (except t h a t  of Apollo 1 5 ) .  
serum e l e c t r o l y t e  r e s u l t s  agree with those  of o ther  missions.  The in - f l i gh t  
u r i n e  sample added previously unavai lable  information on normal e l e c t r o l y t e  
content except f o r  t h e  increased K i n  one crewman's u r ine .  Because only one 
co l l ec t ion  day w a s  analyzed, it i s  not poss ib le  t o  e s t a b l i s h  whether t h i s  w a s  
a constant  occurrence or one unique t o  t h e  second day during f l i g h t .  There 
were pos t f l i gh t  decreases i n  N a ,  K, and C1 as w e l l  as i n  volume. 

Furthermore, t h e  est imated in sens ib l e  
P o s t f l i g h t ,  t he  24-hour ur ine  volume 

Simi la r ly ,  t h e  u r ina ry  and 

Urinary ADH increased s i g n i f i c a n t l y  p o s t f l i g h t .  T h i s  f ind ing ,  which has 
been constant  f o r  a l l  Apollo missions when t h e  measurement w a s  made, i s  con- 
sidered t o  r e f l e c t  the  need t o  r ead jus t  water balance p o s t f l i g h t ,  thereby 
r e s t o r i n g  c l r c u l a t i n g  blood volume t o  a l e v e l  more cons i s t en t  wi th  t h e  r e t u r n  
of blood from t h e  lower ex t r emi t i e s  under the  inf luence of grav i ty .  

Aldosterone w a s  found t o  be markedly elevated during f l i g h t  for t h e  
Gemini VI1 crewmen. The u r ine  measured w a s  co l l ec t ed  on mission days 5-6, 7-8, 
9-10, 11-12, and 13-14 (ref. 1-7). 
decreased t o  normal a ldosterone on t h e  second day of f l i g h t .  The d i f fe rence  i n  
these  r e s u l t s  could l i e  i n  t h e  t i m e  of co l l ec t ion .  It i s  not uncommon f o r  t h e  
development of a secondary aldosteronism t o  take  seve ra l  days after appropr ia te  
metabolic s t i m u l i .  An a l t e r n a t e  explanation could be related t o  unknown 
t echn ica l  d i f f e rences  t h a t  are unrelated t o  t h e  crewmen's responses t o  t h e  
m i  s s lons  . 

The Apollo 16 r e s u l t s  demonstrated 
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I n  a l l  three crewmen, t h e  p o s t f l i g h t  e l eva t ion  i n  r en in  a c t i v i t y ,  measured 
as angiotensin I, supports the  previous f ind ings  t h a t  blood flow through the 
kidney changes a f t e r  recovery. It i s  i n t e r e s t i n g  t o  note  that even wi th  rises 
i n  renin a c t i v i t y ,  t h e r e  w a s  no increase  i n  a ldosterone pos t f l i gh t .  
for t h i s  r e s u l t  i s  not  c l e a r ;  however, t h e  data must be viewed i n  terms of the 
e l e c t r o l y t e  in take  ( re f .  1-14) o r  it would be assumed t h a t  t he  ren in  e leva t ion  
w a s  t r a n s i t o r y  t o  p o s t u r a l  changes ( re f .  1-15). 

The reason 

A l l  Apollo missions,  including Apollo 16, have been followed by a change 
The o v e r a l l  mean of t h e  crew- i n  the  plasma volume of t h e  re turn ing  crewmen. 

men's plasma volume decrease f o r  s i x  Apollo missions ( 7 ,  8, 9 ,  1 4 ,  1 5 ,  and 16) 
i s  -5.5 t 1 . 4  percent .  This decrease i s  g r e a t e r  than t h e  -2.4 percent found 

:ter t h ree  Moon landing missions (Apollo 1 4 ,  15, and 16).  These changes a r e  
Insiderably less than  the -10 percent mean loss  assoc ia ted  with an equivalent  
Zriod of bed rest  ( r e f .  1-16). Only 3 of t he  18 crewmembers have ever shown 
decrease g r e a t e r  than the  usua l  10  percent .  

ilume could be one manifestat ion of an i n - f l i g h t  increase  i n  adrenal  a c t i v i t y ,  
t r t i c u l a r l y  a ldosterone.  A drop of only -2.4 percent i n  plasma volume would 
3 t  be expected t o  produce postmission pos tu ra l  hypotension or s e n s i t i v i t y  t o  

lower body negat ive pressure.  Because no plasma volume measurements have been 
performed i n  o r b i t a l  f l i g h t ,  it i s  not known whether t h e  plasma volume ac tua l ly  
had been lower during t h e  mission and increased s l i g h t l y  t o  the  point  at which 
it w a s  recorded ASAP or whether plasma volume was e s s e n t i a l l y  s t a b l e ,  a f t e r  t h e  
-5.5 percent decrease had occurred. Analysis of the Gemini data suggests t h a t  
t h e  former explanat ion i s  the  more l i k e l y  of t h e  two. The plasma volume 
changes of t h e  c remen  con t r a s t  dramatical ly  w i t h  t h e  con t ro l  sub jec t s '  mean 
plasma volume, which w a s  14.3 percent  or, correc ted  for body weight ,  
8.9 percent .  The increased plasma volumes of t h e  c o n t r o l  subjec ts  probably 
represent  one of t h e i r  adapta t ions  t o  the  warm t o  hot  environment found on a 
Navy c a r r i e r  p ly ing  t r o p i c a l  waters. 

A smaller decrease i n  plasma 

I 

When t h e  mean values  were obtained from t h e  crewmembers of the  Apollo 1 4 ,  
15 ,  and 16 missions,  a l l  f l u i d  spaces were decreased ASAP. 
spaces were cor rec ted  for weight changes, a l l  bu t  t h e  i n t r a c e l l u l a r  space w a s  
increased. P a r t i c u l a r l y  not iceable  i s  t h e  increase  i n  e x t r a c e l l u l a r  space ar?d 
the  i n t e r s t i t i a l  ( ex t r avascu la r )  por t ion  of t h e  e x t r a c e l l u l a r  f l u i d  volume. 

However, when these  

Even with adequate c a l o r i e s  ava i l ab le ,  most crewmen have shown a weight 
loss  postmission. Pa r t  of t h i s  weight loss  i s  made up during the f irst  
?4 hours a f t e r  recovery. The remainder t akes  longer t o  m a k e  up, and the  crew- 
Len do not r e t u r n  t o  t h e i r  premission weight f o r  several days t o  weeks l a t e r .  
'his f ind ing  suggests t h a t  t h e  weight l o s s  during a mission i s  divided between 
-ass i n  t i s s u e  and l o s s  i n  f l u i d .  
!4 hours, whereas recovery of t i s s u e  losses would take considerably longer .  

, 
Fluid  l o s s  could be  made up within t h e  f i rs t  

Weight loss from short-term d i e t i n g  i s  genera l ly  followed by an increase  
i n  e x t r a c e l l u l a r  f l u i d  that  compensates for the  t i s s u e s  l o s t .  This e x t r a  f l u i d  
i s  o rd ina r i ly  l o s t  by diuresis a t  irregular i n t e r v a l s  of s eve ra l  days t o  
severa l  weeks. The increased e x t r a c e l l u l a r  f l u i d  volume seen after these 
missions could b e  explained as a compensation f o r  t i s s u e  lo s ses .  The water 
r e t en t ion  assoc ia ted  wi th  weight loss  i s  probably accomplished by increased 



aldosterone secre t ion .  Increased aldosterone sec re t ion  has been found during 
t h e  Gemini VI1 f l i g h t ;  and t h e  ASAP ur ine  samples, plasma e l e c t r o l y t e ,  and 
t o t a l  body K changes a r e  compatible with in - f l i gh t  increases  of a ldosterone 
sec re t ion .  

The determinations of t o t a l  exchangeable K were i n t e r n a l l y  cons i s t en t  as 
The r e s u l t s  from shown by t h e  r ep roduc ib i l i t y  of t h e  con t ro l  subjec t  values.  

t h e  f l i g h t  crew a r e  q u i t e  d i f f e r e n t  and showed an increase  i n  exchangeable K 
on F-5 and ASAP when determined as mi l l i equ iva len t s  per  kilogram of body 
weight. However, an increase  i s  seen i n  only one crewmember i n  the  t o t a l  
mi l l i equ iva len t s  exchangeable K i n  t h e  body ASAP. 
unre l a t ed  t o  K-containing spaces would a f f e c t  the values  expressed on t h e  basi: 
of m i l l i l i t e r s  per  kilogram of body weight. 
could represent  a t r u e  increase  i n  metabol ical ly  a c t i v e  K (e .g . ,  muscle),  coulc 
represent  increased unabsorbed K i n  t h e  g a s t r o i n t e s t i n a l  t r a c t ,  or could ind i -  
c a t e  t h a t  t h e  body contains  mult iple  K spaces and t h a t  condi t ions  were r i g h t  
ASAP t o  measure a space which o rd ina r i ly  mixes poorly with t h e  r a d i o a c t i v i t y  
i n  t h e  24 t o  48 hours used f o r  determination of t h e  equilibrium space. Poor 
absorpt ion i s  probably ru l ed  out because f e c a l  specimens d id  not show excessive 
r ad ioac t ive  K loss .  Studies of the  red  c e l l s  showed decreased r ed -ce l l  K wi th  
decreased adenosine t r iphosphate ;  t h i s  r e l a t ionsh ip  suggests t h a t  permeabi l i ty  
t o  K was increased.  Because the  red-ce l l  K o r d i n a r i l y  e q u i l i b r a t e s  poorly i n  
48 hours,  a leak  of K would be expected t o  have produced a l a r g e r  t o t a l  body 
space. However, t h e  red-ce l l  K i s  not g rea t  enough t o  account for t h e  r e s u l t s  
obtained. Therefore,  i t  would have t o  be assumed t h a t  o ther  t i s s u e s  shared t h e  
increased  K turnover of t h e  red  c e l l s .  

A change i n  body weight 

An increase  i n  exchangeable K 
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TABLE 1-V.- URINARY AMINO ACID PATTERNS 

( a )  CDR 

Variable 

Volume, ml . . . . . . . . . 
Phosphoserine, mg/TV , . . . 
Phosphoethanolamine, 

mg/TV . . . . . . . . . . 
Taurine, mg/TV . . . . . . . 
Urea, g/TV . . . . . . . . . 
Hydroxyproline, mg/TV . . . 
Rspartic ac id ,  mg/TV . . . . 
Phreonine, rig/" . . . . . . 
ser ine ,  mg/TV . . . . . . . 
hsparagine/glutamine, 
mg/TV . . . . . . . . . . 

Sarcosine, mg/TV . . . . . . 
Proline, mg/TV . . . . . . . 
;lutamic ac id ,  mg/W . . . . 
X t r u l l i n e ,  mg/TV . . . . . 
:lycine, mg/TV . . . . . . . 
Uanine,  mg/TV. . . . . . . 
r - d n o a d i p i c  ac id ,  

mg/TV . . . . . . . . . . 
x-amino-n-butyric ac id ,  

mg/w . . - . . . . . . . 
i a l i ne ,  mg/TV . . . . . . . 
ialf cys t ine ,  mg/TV . . . . 
Zystathionine, mg/TV . . . . 
qethionine, mg/TV . . . . . 
[soleucine,  mg/m . . . . . 
Leucine, mg/TV . . . . . . 
Pyrosine, mg/W . . . . . . 
?henylalanine, mg/TV . . . 
ba lan ine ,  mg/TV . . . . . 
3-aminoisobutyric ac id ,  

mg/w . . . . . . , . . . 

Sample schedule - 
F- 3 

1090 

10.92 

3.14 

43.67 

16.30 

-- 
2.30 

17.03 

31.53 

65.79 

-- 
-- 

2.73 

-- 
44.72 

17.58 

3.18 

1.75 

-- 
4.30 

4.20 

10.35 

4.60 

7.68 

9.96 

7.90 

-- 

2.60 - 

F-2 

1990 

24.07 

7.40 

122.37 

59.37 

-- 
6.23 

25.96 

54.65 

127.55 

-- 
-- 

6.41 

-- 
92.85 

36.01 

9.27 

2.30 

2.55 

35.29 

20.20 

9.98 

6.93 

16.81 

16.79 

11.19 

-- 

-- 

F-1 

1250 

13.52 

4.19 

61.29 

38.64 

-- 
2.49 

15.77 

32.83 

73.06 

-- 
-- 

2.11 

-- 
52.04 

33.79 

5.32 

t 

t 

20.76 

9.02 

3.09 

1.75 

4.80 

18.27 

7.40 

-- 

6.62 

Pre f l igh t  
mean f SE 

1375 f 310 

16.17 f 4.02 

4.91 -+ 1.28 

75.78 t 23.85 

38.10 ? 12.44 

-- 
3.67 2 1.28 

19.59 ? 3.21 

39.67 f 7.50 

88.80 t 1.84 

-- 
-- 

3.75 t 1.34 

-- 

63.20 2 15.00 

29.12 t 5.80 

5.92 t 1.78 

-- 
-- 

20.11 t 8.95 

11.14 2 4.74 

7.81 f 2.36 

4.43 2 1.50 

9.76 f 3.62 

15.01 i 2.56 

8.83 f 1.19 

-- 

-- 

In- f l igh t  

960 

23.59 

5.64 

178.10 

44.28 

-- 
4.77 

34.08 

46.96 

87.34 

9.79 

6.02 

8.51 

0.52 

243.88 

33.00 

8.56 

2.70 

1 4.58 

9.5b 

10.49 

5.71 

8.08 

10.38 

3.02 

12.13 

4.30 

10.39 

R+1 

815 

9.94 

34.31 

127.96 

35.02 

-- 
2.12 

14.46 

29.16 

57 * 09 

-- 
-- 

1.61 

-- 
37.68 

17 * 37 

5.94 

0.69 

1.81 

17.67 

9.35 

4.02 

3.81 

6.82 

14.00 

6.92 

1.14 

3.33 

R+2 

1200 

11.33 

13.91 

157 * 29 

18.35 

-- 
2.26 

20.23 

39-15 

71.09 

-- 
-- 

2.17 

-- 
66.03 

34.87 

6.63 

t 

7.93 

10.88 

19.54 

7.66 

7.16 

7.79 

16.77 

6.65 

0.81 

3.34 

R+6 

5.36 
- 

5.36 

.65 

42.30 

13.44 

-- 
1.04 

5.68 

23.51 

50.01 

-- 
-- 
ta 

-- 
41.37 

14.95 

t 

t 

t 

t 

10.65 

5.96 

L.62 

7.68 

11.47 

3.67 

-- 

5.96 - 
'Trace. 
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TABLE 1-V.- URINARY AMINO ACID PATTWNS - Continued 

(b)  Ct@ 

- 
F- 3 - 
725 

19.54 

5.76 

74.67 

32.64 

-- 
4.37 

16.46 

33.26 

58.76 

-- 
-- 

3.73 

0.59 

81.61 

22.40 

4.73 

0.08 

-- 
6.27 

5.95 

'i . go 

4. og 

6.16 

22.23 

12.00 

-- 

0. 49 

Variable -7 Volume, ml . . . . . . . . .  
Phosphoserine. =/'A' . . . .  
Phosphoethanolamine, 

mg1w . . . . . . . . . .  
Taurine, mg/TV. . . . . . .  
Urea, g/TV . . . . . . . . .  
Hydroxyproline, mg/TV . . .  
Aspartic acid,  mg/TV . . . .  
Threonine, mglTV . . . . . .  
Serine, mgITV . . . . . . .  

mg/W . . . . . . . . . .  Asparaginelglutamine, 

Sarcosine, mg/TV . . . . . .  
Proline, mglTV . . . . . . .  
Glutamic acid,  mg/TV . . . .  
Cit ru l l ine ,  mg/W . . . . .  
Glycine, mg/TV . . . . . . .  
Alanine, mg/TV . . . . . . .  

mg/TV . . . . . . . . . .  

mg/TV . . . . . . . . . .  
Valine, mg/TV . . . . . . .  
Half cystine,  mg/W . . . .  

3-minoadipic ac id ,  

a-amino-n-butyric acid,  

R+1 - 
580 

14.25 

4.78 

151.18 

27.44 

-- 
2.72 

11.21 

24.99 

40. 31 

-- 
-- 

1.38 

-- 
44.89 

23.12 

4.56 

0.62 

1.16 

5.61 

5.87 

2.62 

2.44 

4.98 

10.40 

6.17 

0.13 

2.79 
_c 

Cystathionine, mg/TV . . . .  
Methionine, mgjTV . . . . . .  
Isoleucine,  mg/TV . . . . . .  
Leucine, mg/TV . . . . . . .  
Tyrosine, mg/TV . . . . . . .  
Phenylalanine, mg/m . . . .  
&alanine, mg/W . . . . . .  
6-aminoisobutyric ac id ,  

mg/TV . . . . . . . . . . .  

Sample schedule - 
F-2 - 
955 

18.04 

7.00 

84.25 

37.91 

-- 
3.73 

9.48 

30.33 

52.57 

-- 
-- 

4.82 

-- 
67.93 

23.46 

5.46 

t 

4.07 

5.79 

3.73 

i.7: 

3. >3 

5.77 

14.40 

7.73 

-- 

-- - 

F-1 

8 09 

10.17 

3.52 

59.61 

29.32 

-- 
1.97 

4.51 

20.52 

39.83 

-- 
-- 

5.39 

-- 
50.74 

13.73 

8.74 

0.69 

5.27 

5.83 

12.66 

4 . 4  

3.04 

4.59 

9.611 

5.26 

-- 

2.03 - 

Preflight 
.mean f SE 

830 t 67 

15.92 t 2.91 

5.42 f 1.02 

73.18 f 7.44 

33.29 f 2.50 

-- 
3.36 i 0.72 

10.20 t 3.51 

28.04 f 3.85 

50.39 i 5.57 

-- 
-- 

4.65 ? 0.49 

-- 
66.76 t 8.93 

16.53 f 6.41 

6.31 f 1.23 

-- 
-- 

5.36 f 1.54 

5.22 t j . 71  

5.65 i l.il 

j . 3 3  :. c.56 

j.5i h r).li7 

19.42 !. 3.67 

e . 2 3  i 1.97 

.-- 

-- 

In-fl ight 

495 

12.32 

3.41 

57.59 

17.62 

-- 
2.47 

7.92 

18.24 

31.90 

9.95 

-- 
2.46 

-.. 
168.09 

13.61 

3.35 

0.39 

1.84 

4.21 

4.77 

2.85 

1.73 

2.00 

10.98 

6.19 

-- 

1.68 

R+2 - 
350 

5.43 

1.34 

54.68 

11.82 

-- 

0.97 

4.34 

11.16 

15.26 

-- 
-- 

0.52 

-- 
21.29 

10.89 

1.88 

-- 
1.50 

3.65 

L.14 

2.48 

1.47 

1.89 

4.98 

2.86 

-- 

-- 

- 
R+3 

1020 

9.14 

_I 

1.33 

112.81 

13.60 

-- 
1.71 

8.87 

20.94 

41.09 

-- 
-- 
t 

-- 
54.71 

20.23 

2.01 

-- 
t 

t 

7.18 

4.71 

3.04 

4.42 

10.81 

5.19 

-- 

-- 

7.60 

1.09 

14.05 

8.46 

-- 
1.29 

8.72 

18.64 

38.45 

-- 
-- 
t 

-- 
67.63 

18.18 

10.41 

- 
- 
-- 

7.5 

5.f 

2.' 

3.h5 

7.98 

2.59 

-- 

-- 

1-1' 



TABLE 1-V.- URINARY AMINO ACID PATTERNS - Concluded 

( c )  LMp 

Variable  

Volume, m l  . . . . . . . . . 
Phosphoserine,  mg/W . . . . 
Phosphoethanolamine, 
mg/TV . . . . . . . . . . 

Taurine,  w/TV . . . . . . . 
Urea, g f T V  . . . . . . . . . 
Hydroxyproline. mg/TV . . . 
Aspar t i c  a c i d ,  mg/TV . . . . 
Threonine,  mg/W . . . . . . 
Ser ine ,  mg/TV . . . . . . . 
Asparagine/glutamine, 

mgfTV . . . . . . . . . . 
Sarcosine,  mg/W . . . . . . 
P r o l i n e ,  mg/TV . . , . . . , 
Glutamic a c i d ,  mg/W . . . . 
C i t r u l l i n e .  mg/TV . . . . . 
Glycine,  mgfTV . . . . . . . 
Alanine,  m g f T V  . . . . . . . 
a-aminoadipic a c i d ,  

mgfTV . . . . . . . . . . 

mg/TV . . . . . . . . . . 
Valine,  mg/ . . . . . . . . 
Half c y s t i n e ,  mgfTV . . . . 
Cystathionine.  mgfW . . . . 
Methionine. mg/W . . . . . 
I so l euc ine .  mgfTV . . . . . 
Leucine, mgfTV . . . . . . 
Tyrosine,  mg/W . . . . . . 
Phenylalanine,  mgfTV . . . 
8-alanine,  mg/W . . . . . 
8-aminoisobutyric 

a-amino-n-butyric a c i d ,  

a c i d .  mg/W . . . . . . 

- 
F- 3 - 
2835 

10.72 

5.67 

46.25 

27.59 
-- 

2.93 

9.30 

28.62 

40.63 

-- 
-- 

5.67 
-- 

81.22 

10.00 

1.49 

-- 
-- 
-- 

16.39 

10.47 

8.40 

6.64 

9.67 

8.75 
-- 

3.53 - 

F-2 

2955 

12.00 

4.68 

208.68 

30.50 
-- 

2.67 

12.05 

30.27 

74.16 

-- 
-- 

io. 16 

-- 
93.47 

38.73 

5.68 

t 

t 

7.83 

17.62 

10.65 

5.80 

8.68 

23.30 

1.19 

-- 

-- 

- 
F-1 - 
1540 

16.45 

5.61 

137.68 

48.62 

-- 
4.91 

13.68 

27.00 

64.84 

-- 
-- 

1.82 

-- 
85.23 

27.03 

23.03 

1.30 

1.83 

7.88 

16.76 

5.58 

8.12 

17.10 

32.82 

19.75 
-- 

7.02 

Sample schedule  

P r e f l i g h t  
mean i SE 

2443 f 453 

13.06 i 1.74 

5.32 t 0.32 

164.20 2 22.38 

35.57 2 6.58 

-- 
3.50 i 0.71 

11.68 t 1.28 

28.63 i 0.94 

59.88 i 9.99 

I 

-- 
5.00 t 2.41 

-- 
86.64 t 3.61 

25.54 t 8.33 

10.07 i 6.59 

-- 
-- 

16.92 2 0.36 

8.90 i 1.66 

7.44 f 0.83 

10.81 i 1.85 

21.93 t 6.72 

9.90 t 5.39 

-- 

-- 

I n - f l i g h t  

1265 

22.86 

6.88 

166.17 

43.44 

-- 
4.13 

15.52 

35.50 

64.45 

-- 
t 

5.78 
-- 

263.89 

30.28 

8.52 

4.18 

1.33 

9.83 

9.03 

13.63 

7.50 

5.79 

22.00 

7.13 

2.21 

3.11 

- 
R+l 

942 

9.58 

3.77 

125.17 

21.24 

- 
2.39 

12.62 

22.40 

44.67 

-- 
-- 

1.47 

-- 
5i.94 

20.41 

5.08 

t 

1.45 

9.61 

6.65 

4.88 

2.32 

6.34 

10.20 

3.80 

0.07 

0.59 

- 
R+2 

1925 

7.93 

- 

1.76 

195.86 

17.33 
-- 

1.64 

14.44 

26.51 

55.22 

-- 
-- 
t 

-- 
82.01 

28.99 

3.34 

-- 
t 

t 

12.29 

7.29 

5.08 

6.06 

12.04 

3.51 
-- 

0.47 

R+3 

2890 

9.18 

1.92 

154.82 

25.00 

-- 
1.80 

14.20 

31 * 79 

68.57 

- 
-- 
t 

-- 
82.36 

35.39 

t 

-- 
-- 
I 

16.88 

8.97 

6.44 

8.77 

18.62 

4.59 

t 

t - 

- 
R+6 - 
3180 

t 

0.47 

25.49 

10.98 

- 
2.29 

1.73 

11.97 

22.85 

I 

-- 
-- 
I 

39.64 

9.82 

t 

t 

-- 
-- 

14.67 

8.31 

2.90 

6.30 

5.50 

4.66 

-- 

-- 
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TABLE 1 - V I 1 . -  BODY F L U I D  VOLUMES 

F-15 
ASAP 
R+7 

I I I 
Controls  

2154 1976 2043 2005 1689 2060 
1861 1740 1695 1970 1676 2119 
1822 1802 1764 1986 1722 2028 

Flight crewman 

Schedule 

F-15 3085 3094 3060 3460 
ASAP 2813 3138 2800 3840 
R+ 1 3175 3336 3012 3894 
R+7 3198 3323 3334 3941 

1 

I Red-cell mass , ml 

2500 3320 
3070 3992 
3078 4049 
3254 4054 

Subject B Subject C I 

F-15 49.2 48.2 43.6 48.7 46.0 

R + 1  48.9 47.5 43.1 47.5 45.3 
R+7 -- 48.0 44.0 48.6 46.3 

ASAP 47.8 46.5 41.7 48.0 45.4 
49.3 
47.6 
47.4 
50.1 

1-20 

F-15 15.5 1 4 . 4  13.9 17.6 
ASAP 1 5 . 1  14.7 13.2 18.2 
R + 1  15.9 15.1 -- 17.9 
R+7 15.2 14.3 13.9 17.8 

17.0 16.3 
17.9 17.8 
18.1 17.6 
17.4 16.5 



TABLE 1-VII1.- FLUID VOLmS/kg BODY WEIGHT 

I 

I 
I 
I 

I 
I 

-~ 

Fl ight  crewmen Controls  
Schedule I 

CDR LMP CMP Subject B Subject C 

Plasma volume, ml/kg 

F-15 38.3 41.9 49.4 46.7 32.5 40.5 
ASAP 37.2 44.6 47.8 54.2 41.8 49.7 
R+1 41.4 46.5 50.2 55.0 41.9 50.4 

Total  body water, ml/kg 

R+7 42.3 46.2 54.4 53.6 42.4 49.9 

F-15 610 6 52 703 657 597 601 
712 670 618 592 

662 671 616 589 
661 604 617 

ASAP 632 
R+1 638 
R+7 -- 666 718 

659 720 

Extracellular fluid , ml/kg 

F-15 192 19  5 224 238 221 199 
ASAP 200 208 225 257 244 221 
R + 1  2 07 210 -- 253 24 6 219 

. 
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TABLE 1-IX. - DERIVED VOLUMES 

F-15 418 457 479 420 377 
ASAP 432 450 486 421 374 
R+ 1 430 452 -- 418 370 
R+ 7 -- 468 491 419 377 

I 

Fl ight  crewmen Controls 
Schedule ’ 

IMP CMP Subject A Subject B Subject C 

402 
371 
371 
414 

I n t r a c e l l u l a r  fluid, l i t e r s  

188 
201 
204 
185 

31.8 28.5 29.8 27.5 
33.0 32.4 29.6 27.2 

33.7 30.1 30.8 28.9 

I n t e r s t i t i a l  fluid, l i t e r s  

158 
172 
169 
1 5 4  

F-15 12.4 
ASAP 12.3 
R+ 1 12.7 
R+ 7 12.0 

I 11.8 
13.9 14.2 12.5 

ASAP 203 
R+ 1 199 
R+ 7 

1-22 



TABLE 1-X.- TOTAL BODY K 

F l i g h t  crewmen 
Schedule ' 

IMP CMP 

Controls  

Subject A Subject B Subject C 
~~ 

meq K/kg 

, F-30 47.3 47.6 49.8 46.7 43.3 44.8 
F-15 46.0 47.0 49.3 46.6 42.4 44.0 
F- 5 48.2 48.2 51.4 45.2 42.4 43.8 
ASAP 49.2 53.1 53.8 45.4 42.0 45.1 
R+ 7 48.1 46.8 49.2 46.6 43.0 45.7 

i 

Total meq K 

F- 3C. 3828 3485 3148 3446 3401 3712 
F-15 3707 3473 3055 3454 3263 3606 
F- 5 3808 3501 3220 3309 3268 3609 
ASAP 3773 3807 3223 3214 3087 3626 
R+ 7 3636 3370 3016 3425 329 8 3711 

c 
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2. CHANGES I N  GLUCOSE, INSULIN, AND GROWTH HORMONE 

LEVELS ASSOCIATED WITH BED REST 

By Joan Vernikos-Danellis , Ph. D. , Carolyn S. Leach, Ph. D.,  
Charles M. Winget, Ph. D. , Anne L. Goodwin, 

and P. C. Rambaut, Ph. D. 

I nves t iga to r s  have r ecen t ly  reported t h a t  t h e  cardiovascular  decondition- 
in,? and the  a l t e r a t i o n s  i n  plasma volume t h a t  r e s u l t  following exposure t o  bed  
r e s t  without exerc ise  f o r  2 weeks a re  accompanied by impaired to le rance  t o  
a glucose load  and by excessive plasma i n s u l i n  responses t o  glucose to l e rance  

t e s t s  ( r e f .  2-1). Simi la r ly ,  var ious degrees of  physical  i n a c t i v i t y  have , i n  
t he  p a s t ,  been repor ted  by s e v e r a l  i nves t iga to r s  t o  result i n  an apparent in -  
e f f i c i e n t  handl ing o f  glucose. Lutwak and Whedon ( r e f .  2-2) found t h a t  com- 
p l e t e  bed r e s t  f o r  1 t o  3 weeks r e su l t ed  i n  decreased glucose u t i l i z a t i o n .  
Blotner ( r e f .  2-3),  s tudying 70 nondiabetic adu l t s  and 16 ch i ldren  confined t o  
bed for 1 month t o  8 yea r s ,  found excessive increases  i n  blood glucose follow- 
i n g  a 100-gram oral glucose load ,  t h e  e f f e c t s  being most pronounced i n  those  
confined t h e  longest .  In  add i t ion ,  Naughton and Wulff (ref.  2-4) found t h a t  
t he  i n s u l i n  response t o  glucose load i n  sedentary men i s  much g r e a t e r  than i n  
ac t ive  persons bu t  t h a t  t he  disappearance of glucose is  t h e  same. I n  none of 
t hese  s t u d i e s ,  however, were r e s t i n g  l e v e l s  of plasma glucose o r  i n s u l i n  re- 
por ted  t o  be  a l t e r ed .  
c i r c u l a t i n g  l e v e l s  of i n s u l i n ,  glucose,  and human growth hormone (HGH) i n  
yomg,  hea l thy  male s u b j e c t s  exposed t o  bed r e s t  f o r  56 days. 

This study w a s  designed t o  determine t h e  changes i n  t h e  

The same f i v e  male sub jec t s  and the  sane da i ly  schedule and experimental 
cond i t ions  were used as described by Winget .et a l .  ( sec .  3 ) .  Blood samples 
were assayed f o r  HGH, insulin, and glucose before  bed r e s t ;  at 10 ,  20, 3 0 ,  42,  
and 54  days a f t e r  confinement t o  bed; and at 1 0  and 20 da,ys a f t e r  t h e  sub jec t s  
had again been ambulatory. 
radioimmunoassay techniques,  and plasma glucose was determined by t h e  autoana- 
lyzer f e r r i c - c j rx ide  method. The da ta  were analyzed by t h e  usua l  s t a t i s t i c a l  
techniques ( r e f .  2-5 ) . 

Human growth hormone and i n s u l i n  were determined by 

Figure 2-1 shows t h e  mean c i r c u l a t i n g  HGH l e v e l s  p e r  48-hour sampling pe r  
i od  be fo re ,  during, and a f t e r  56 days of bed rest. Each poin t  represents  t h e  
mean of twelve b h o u r l y  samples per  48-hour per iod f o r  t h e  group of f i v e  sub- 
j e c t s .  
s i g n i f i c a n t l y  ( P  < 0.05) a t  20 days (1.5-fold increase)  and subsequently de- 
creased gradual ly ,  reaching l e v e l s  (2 .5  mg/ml) w e l l  below pre-bed-rest cont ro l  

Plasma HGH showed an i n i t i a l  drop at 10 days of  bed rest, then rose  

1- Also: C. B. Dolkas, unpublished observat ions,  1972. 
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l e v e l s  (4.2 mg/ml) a t  54 days of bed r e s t .  The changes i n  mean da i ly  plasma, 
glucose, and i n s u l i n  l e v e l s  a r e  shown i n  figure 2-2. Glucose concentrat ions 
remained unchanged i n  s p i t e  of a marked increase  i n  mean da i ly  i n s u l i n  l e v e l s  
during the  f irst  30 days of bed rest. With continued exposure t o  bed r e s t ,  in- 
s u l i n  began decreasing toward pre-bed-rest l e v e l s  and glucose a lso decreased 
below c o n t r o l  l eve l s .  By day 54 of bed res t ,  glucose reduction w a s  s i g n i f i c a n t  
( P  < 0 . 0 5 ) ,  reaching a l e v e l  of 75 mg/100 m l / 2 4  h r  and recovering during the  
cont ro l  period. 

The da i ly  mean changes a r e  not general ly  due t o  an o v e r a l l  increase  i n  
hormone o r  glucose l e v e l s  a t  a l l  times of t h e  day, but r e f l e c t  a change i n  t h e  
am?litude of t h e  d iu rna l  va r i a t ion .  
rhythms i n  plasma HGH, glucose,  and i n s u l i n ,  r e spec t ive ly ,  at var ious i n t e r -  
vals  during t h e  study. Each point  represents  t h e  mean concentration i n  t h e  
subjec ts .  Growth hormone showed a s i g n i f i c a n t  d a i l y  f luc tua t ion  ( f i g .  2-3) 1 
w i t h  peak l e v e l s  occurring at  2000 and 0400 hours. An i n i t i a l  reduction i n  
amplitude at 10 days of  bed rest w a s  followed by considerable increases  i n  am- 
p l i tude  a t  20 and 30 days; subsequently, t he  rhythm almost disappeared on days 
42 and 54. 
the  peak occurred, it w a s  always associated w i t h  t h e  l a t e  evening and n i g h t  
samples; t he  concentrat ion of HGH was always lowest at  0730 hours,  j u s t  before  
the  l i g h t s  were turned  on. This assoc ia t ion  w a s  a l s o  t r u e  f o r  t h e  plasma glu- 
cose and i n s u l i n  rhythms ( f i g s .  2-4 and 2-5). The amplitude of t he  glucose 
rhythm also var i ed  throughout t he  s tudy;  and on day 54, when the daily m e a n  
showed a s i g n i f i c a n t  decrease,  t h e  blood glucose concentrat ion at  1600 hours 
was as low as 62.2 rng/loO d. 
was due t o  t h e  increased  amplitude of i t s  d iu rna l  rhythm ( f i g .  2-5). 
i n s u l i n  l e v e l  s h i f t e d  t o  a t i m e  earl ier i n  the day and w a s  maintained at a 
higher  l e v e l  during the  "lights on" phase f o r  t h e  f irst  30 days of bed rest. 
After  t h e  30th day, t h e  amplitude began t o  decrease toward pre-bed-rest l eve l s .  

Figures 2-3, 2-4, and 2-5 show t h e  d iurna l  

Although t h e r e  w a s  considerable v a r i a b i l i t y  of t h e  time at  which 

The mean increase  i n  c i r c u l a t i n g  i n s u l i n  l e v e l s  
The peak 

The e f f e c t  of bed rest on t h e  amplitude of d iu rna l  rhythms has been ob- 
served f o r  o the r  hormones a l s o .  Because exe rc i se  has been found t o  s t imula te  
HGH s ec re t ion  (ref. 2-6) without a l t e r i n g  blood glucose l e v e l s ,  t h e  i n i t i a l  
drop i n  blood HGH may be r e l a t e d  t o  t h e  r e l a t i v e  i n a c t i v i t y  of bed r e s t .  The 
subsequent rise i n  HGH may be secondary t o  t h e  increased i n s u l i n  levels and 
may con t r ibu te  t o  t h e  impaired glucose to l e rance  repor ted  by o the r s  ( re f .  2-1) 
and t o  t h e  r e l a t i v e  inef fec t iveness  of t h e  r i s i n g  l e v e l s  of i n s u l i n  on blood 
glucose observed i n  t h i s  study. However, t h e  increased l e v e l s  of c o r t i s o l  , 

during t h e  first 30 days of bed rest may a l s o  be cont r ibu t ing  t o  t h e  decreased 
glucose to l e rance  and t h e  r a i s e d  plasma i n s u l i n  l e v e l s  by decreasing per iphera l  
u t i l i z a t i o n  of glucose through t h e  i n h i b i t i o n  of glucose phosphorylation i n  
muscle and adipose t i s s u e .  
i n s e n s i t i v i t y  may be a t t r i b u t e d  t o  increases  i n  t h e  radioimmunoassayable 
hormone l e v e l  and may not r e f l e c t  b i o l o g i c a l  a c t i v i t y .  Levels of radioimmuno- 
assayable and b i o l o g i c a l  a c t i v i t y  of var ious hormones have r ecen t ly  been found 
t o  d i f f e r ,  and it has been proposed t h a t  a l t e r a t i o n s  i n  t h e  molecular config- 

ura t ion  c L  t h e  honone  may account for t hese  d iscrepancies .  

It i s  a l s o  poss ib le  t h a t  t h e  apparent i n s u l i n  

2 

~ ~~ 

2C. S. N i c o l l ,  personal  communication, 1972. 

2-2 



I n  genera l ,  t hese  prolonged s tud ie s  have revealed t h a t  t h e  endocrine pic- 
t u r e  during t h e  f i r s t  3 weeks of bed rest (which may be p a r t i a l l y  a t t r i b u t e d  
t o  ea r ly  changes i n  plasma volume) appears t o  be  qu i t e  d i f f e r e n t  from t h a t  
which develops a f t e r  more prolonged exposure t o  bed rest ( t a b l e  2-11. 
pears imperative t o  extend t h e  experimental per iod beyond 56 days and t o  estab- 
l i s h  t h e  mechanisms responsible  f o r  t h e  a l t e r a t i o n s  i n  glucose homeostasis. 

It ap- 
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TABLE 2-1.- SuMMllRY OF CHANGES I N  ENDOCRINE 

PARflMETEHS DURING 56 DAYS OF BED REST 

Secret  i o n  

Insu l in  

Glucose 

H GI3 

Corti  s o l  

ACTH" 

2 . 5 ~  increase 

No change 

1.5~ increase 

2 x  increase 

No change 

- 
L a s t  3 weeks 

Decrease toward cont ro l  l e v e l s  

Decrease below control l e v e l s  

Decrease below cont ro l  l eve l s  

Decrease below cont ro l  l e v e l s  

3 x  increase over cont ro l  l e v e l s  

a Adrenocorticotrophic hormone. 
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3.  FIFTY-SIX DAYS OF BED REST: 

CIRCADIAN RHYTHMS OF HEART RATE AND BODY TEMPERATURE 

t 

By Charles M. Winget, Ph. D . ,  Joan Vernikos-Danellis, Ph. D. ,  
C .  W.  DeRoshia, S .  E. Cronin, Carolyn S .  Leach, Ph. D . ,  

and Paul C .  Rambaut, Ph. D .  

. The two bas i c  f a c t o r s  t h a t  a c t  on t h e  normal sub jec t  during bed rest are 
r e s t r i c t i o n  of muscular a c t i v i t y  (hypokinesis) and a c h a r a c t e r i s t i c  r e d i s t r i -  
but ion of blood because of a change i n  hydrostat ic  pressure ( r e f .  3-1). 
rest  f o r  varying per iods with healthy individuals  has been found t o  l ead  t o  
venous thrombosis , hypostat ic  pneumonia, a reduction i n  h e a r t  volume, and 
increases  i n  r e s t i n g  and work pulses  (ref.  3-2). Other s tud ie s  have revealed 
reductions i n  c i r c u l a t i n g  blood volume, muscle atrophy, and negative n i t rogen  
and mineral balances ( re fs .  3-3 t o  3-5). Most of t h i s  work reported t h a t  
hypokinesis had a s i g n i f i c a n t  role i n  t h e  e t io logy  of  t h e  reported disorders .  
The c h a r a c t e r i s t i c  t i m e  s t r u c t u r e  of t h e s e  b i o l o g i c a l  processes and t h e i r  
importance i n  r egu la to ry  mechanisms were not considered. 

Bed 

I f  t h e  c e n t r a l  nervous system plays any r o l e  i n  t h e  development of t h e  
bed-rest symptoms, then it might be expected t h a t  c i r cad ian  synchrony, which 
i s  a l s o  regulated by c e n t r a l  mechanisms (endogenous synchronizers) , would be 
dis turbed,  and t h a t  it would be dis turbed i n  s p i t e  of maintaining sub jec t s  i n  
an environment with well-defined exogenous synchronizers ( l i g h t  , meals , e t c .  ) . 

The two bed-rest  s tud ie s  reported here  evaluated t h e  inf luence on c i r ca -  
dian waveform as a r e s u l t  of removing such f a c t o r s  as posture  and a c t i v i t y ;  
subjects  were heal thy human males i n  a well-regulated environment with a f i x e d  
photoperiod. 

RESULTS 

Study I ind ica t ed  t h a t  all sub jec t s  showed a stable phase and amplitude 
dliring t h e  6 days before  bed rest ,  with t h e  maximum occurring i n  t h e  l a t t e r  
half of t h e  l i g h t  period. Despite t h i s  homogeneity of data and d e s p i t e  t h e  
continuation of t h e  regular  photoperiod of 14 hours of l i g h t  and 10 hours of 
dark (14:lO LD) and t h e  feeding a t  r egu la r  hours,  t h e r e  was a tendency, when 
the  subjects  were put t o  bed, f o r  t h e  ear canal  temperature (body temperature 
(BT) ) rhythm t o  become desynchronized with t h e  environment although it remained 
circadian.  An example of t h i s  desynchronization is  t h e  sequent ia l  infor-  
mation of subject 6 A  ( f i g .  3-11. 

Bed rest a l s o  produced a depression i n  the  mean BT t h a t  did not r e t u r n  
t o  t h e  pre-bed-rest values.  A change i n  t h e  amplitude and t i m e  of peak of t h e  
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hear t  r a t e  ( H R )  rhythm w a s  a l s o  noted during t h e  period a f t e r  bed r e s t .  The 
da i ly  range of BT w a s  about 1 K (1' C )  and the  HR w a s  about 15 beats/min. 
nonexercised group had l e s s  stable c i rcadian  o s c i l l a t i o n s  than t h e  exercised 
group. 

The 

Study I1 confirmed and expanded these  f ind ings .  

Because t h e  summation d i a l  method f o r  analyzing nonstationary d a t a  as- 
sumes a per iod of 24 hours,  it w a s  important t o  determine t h a t  t h i s  w a s  indeed 
so under t h e  present  experimental condi t ions and tha t  bed rest was not a f f ec t -  
ing t h e  c i rcadian  per iod of these parameters. 
periodograms of the  ambulatory and bed-rest sub jec t s  i nd ica t e s  t h e  presence of 
a c i rcadian  per iod i n  both cases .  

Comparison of t h e  ind iv idua l  

The HR da ta  f o r  t h e  bed-rest group can be divided i n t o  four  segments. 

1. 
l a t o r y  group 

A pre-bed-rest per iod of s t a b l e  rhythms s i m i l a r  t o  those of t h e  ambu- 

2. 
of bed r e s t  

A small phase s h i f t  (approximately 2 hours)  a f t e r  t h e  first 3 weeks 

3.  A second phase shift (approximately 4 hours)  t h a t  occurred after ap- 
proximately 20 days of bed rest (day 40 of t he  experiment) and that continued 
f o r  the  remaining 5 weeks of bed r e s t  

4. A post-bed-rest phase i n  which sub jec t s  almost immediately resynchro- 
nized w i t h  t h e i r  o r i g i n a l  pre-bed-rest rhythms. , 

I 

The summation d i a l s  f o r  t h e  BT of the ambulatory and bed-rest subjec ts  
a re  shown i n  f igu res  3-2 and 3-3, respec t ive ly .  The BT of t h e  ambulatory 
group was somewhat less s t a b l e  than t h e i r  HR rhythms. However, t h e  peaks f o r  
a l l  sub,jects occurred i n  t h e  same time quadrant ( i  .e. , between 2045 and 
?2h5 hourc) as ind ica t ed  by t h e  d i r e c t i o n  of t h e  t r a i n  of vec tors .  
c c , z t ,  t he  BT data var ied  even more. Three bed-rest subjec ts  peaked i n  t h e  
s a e  quadrant as t h e  ambulatory sub jec t s ,  and t h e  o the r  t h r e e  peaked a t  ap- 
proximately 0600 hours (60" out  of phase) .  
phase changes throughout t h e  bed rest; t h r e e  of them showed random s h i f t s  
t h a t  represent  rhythm asynchrony. 
t o  base a t  the end of t h e  3-week post-bed-rest per iod.  

During bed 

All subjec ts  showed considerable  

Only two sub jec t s  resynchronized r e l a t i v e  

Because t h e  sharpest  phase s h i f t  i n  t h e  HR rhythm appeared t o  occur on 
approximately day 20 of bed res t ,  t h e  data were scanned t o  determine more 
p rec i se ly  t h e  a c t u a l  time and day at which t h e  s h i f t  occurred ( f i g .  3-4). 
Four bed-rest sub jec t s  showed t h e  sharpest  phase s h i f t  on day 23 of bed r e s t  
(day 43 of  t h e  experiment) whereas t h e  o ther  two bed-rest subjec ts  showed a 
similar change on day 24 of bed r e s t  (day 44 of t he  experiment).  
days, the  HR of these  bed-rest subjec ts  increased sharply t o  87 beats/min by 
0100 hours and d i d  not reach i t s  lowest po in t  (56 beats/min) u n t i l  0700 hours. 
In  con t r a s t ,  no ambulatory subjec ts  showed an increase  i n  HR a t  these  hours; 
i n  f a c t ,  t h e i r  HH decreased from 74 beats/min a t  2300 hours t o  62 beats/min 
a t  0100 hours.  

On those  
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The BT rhythin d i d  not show a sudden, s i n g l e  phase s h i f t  as d id  t h e  HR. 
Figure 3-5 compares t h e  d a i l y  phase angle ,  t h e  d a i l y  in t eg ra t ed  amplitude and 
t h e  d a i l y  mean of t h e  BT da ta  of both groups. The r e s u l t s  i nd ica t e  t h a t  num- 
erous phase s h i f t s  occurred i n  t h e  bed-rest subjec ts  compared t o  t h e  rela- 
t i v e l y  unchsnging phase angle of t h e  ambulatory cont ro ls  and of t h e  same 
bed-rest  sub jec t s  during t h e i r  ambulatory per iods.  The mean d a i l y  BT 
decreased progress ive ly  i n  s p i t e  of ctn unchanged in t eg ra t ed  amplitude, ind i -  
ca t ing  t h a t  t h e  BT rhythm f luc tua ted  i n  bed r e s t  with t h e  same amplitude about 
a new lower mean l e v e l .  
t h e  end of t h e  2 1 - d ~ ~  post-bed-rest period. 

The decrease i n  mean d a i l y  BT had not recovered by 

DISCUSSIOK 

It has gefierally been agreed t h a t  l i g h t  a c t s  as t h e  primary inf luence i n  
maintaining synchrcny of c i rcadian  rhythms ( r e f s .  3-6 t o  3-12). Research on 
t h e  p rope r t i e s  and c h a r a c t e r i s t i c s  of rhythms has concentrated on producing 
rhythm desynchronization by manipulating t h e  photoperiod ( r e f s .  3-13 and 3-14). 
Even t h e  search f o r  secondary synchronizers such as temperature and magnetic 
f i e l d s  has involved ana lys i s  of t h e  inf luence of t hese  va r i ab le s  i n  t h e  
absence of l i g h t  cues;  t ha t  i s ,  e i t h e r  continuous l i g h t  o r  continuous dark 
environments (refs. 3-15 t o  3-17). Study I inves t iga ted  t h e  physiological  
changes t h a t  cccui- i n  man i n  response t o  prolonged bed res t ;  it w a s  observed 
t h a t  desynchronization o f  some c i rcadian  rhythms occurred i n  s p i t e  of t h e  f a c t  
t h a t  t h e  sub jec t s  were maintained i n  a highly s t ruc tu red  environment including 
a cont ro l led  photoperiod o f  14:lO LD. Because such desynchronization i n  t h e  
presence of a defined l i g h t  environment has not been descr ibed previously i n  
heal thy sub jec t s ,  it w a s  important t o  f i r s t  confirm t h i s  f ind ing  and, sec- 
ondly, t o  determine i f  t h e  change induced by bed r e s t  w a s  s u f f i c i e n t l y  power- 
ful t o  cause rhythm asynchrony i n  s p i t e  of t h e  unchanged photoperiod. 

The r e s u l t s  of study I1 confirmed t h e  previous f ind ings  t h a t  t h e  primary 
inf luence of bed rest on BT and HR rhythms i s  t o  reduce t h e  amplitude and 
change t h e i r  phase relationships. The normally entrained rhythms w e r e  al tered 
a f t e r  approximately 20 days of bed r e s t ,  when they l o s t  t h e i r  normal r e l a t i o n -  
sh ip  t o  t h e  photoperiod and t o  each o the r .  I n  add i t ion ,  bed rest induced a 
depression of BT and an i n i t i a l  bradycardia.  The p o s s i b i l i t y  t h a t  t h i s  rhythm 
asynchrony may have been due t o  t h e  i n a c t i v i t y  assoc ia ted  with bed rest was 
ru led  out i n  bed-rest study I ,  where a moderately heavy exerc ise  regimen d id  
not  prevent t hese  changes. Study I1 a l s o  rules out t h e  p o s s i b i l i t y  t h a t  t h e  
prolonged confinement associated with t h i s  type  o f  experiment may have been 
causing t h e  obser-red phase s h i f t ,  because t h e  ambulatory con t ro l  subjec ts  
showed none of t h e  changes observed i n  t h e  bed-rest  sub jec t s .  

The d i s soc ia t ion  of t h e  HR and BT rhythms from each o ther  and from t h e  
l i g h t  schedule during bed rest and t h e  prompt reassoc ia t ion  of t h e  two rhythms 
i n  t h e  post-bed-rest ambulatory period suggest t h a t  synchrony of these  rhythms 
may be dependent on posture.  Therefore, it seems reasonable t h a t  the  pos tu ra l  
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change involved i n  bed rest o r  some physiological  consequence of t h a t ,  such as 
hydros ta t ic  pressure  changes o r  r e d i s t r i b u t i o n  of  body f l u i d s  and e l e c t r o l y t e s ,  
may be pr imar i ly  responsible\ for the  rhythm asynchrony. 

Various rhythms i n  man have been reported t o  be dependent on d i f f e r e n t  
cues. For example, it has been suggested t h a t  t h e  rhythm i n  aldosterone excre- 
t i o n  i s  pr imari ly  ps ture-dependent ,  while t h e  rhythmicity of o ther  parameters 
such as plasma c o r t i s o l  l e v e l s  appears t o  be unaffected by bed r e s t  and remains 
entrained t o  t h e  l ight-dark cycle .  
ex t en t ,  BT appear t o  r equ i r e  both l i g h t  and o ther  (pos tu ra l )  cues t o  maintain 
t h e i r  rhythm synchrony. 

On the  o ther  'hand, HR and, t o  a l e s s e r  

The l e v e l  of t h e  base l ine ,  about which t h e  homeostatic mechanisms oper- 
a t e ,  v a r i e s  rhythmically;  ard t h i s  rhythmicity i s  cont ro l led  by exogenous and 
endogenous synchronizers.  Since t h e  time of Claude Bernard, phys io logis t s  
have emphasized t h e  study of the mechanisms by which organisms maintain t he  
r e l a t i v e  constancy of t h e i r  i n t e r n a l  environment i n  response t o  change i n  t h e  
ex te rna l  environment. Such change o r  s t r e s s  has genera l ly  been considered as 
an increase  i n  magnitude o r  durat ion of inputs  t o  t h e  system. With t h e  excep- 
t i o n  of behavioral  and b io l cg ic  rhythm research ,  l i t t l e  a t t e n t i o n  has been 
given t o  t h e  b i o l o g i c a l  consequences of an absence of o r  reduct ion i r ?  input  
s t i m u l i .  The psychological consequences of i s o l a t i o n ,  the disturbance of 
c i rcadian  rhythms i n  an environment where l i g h t  i n t e n s i t y  w a s  below a c e r t a i n  
threshold ,  and t h e  c l i n i c a l  consequences of prolonged bed r e s t  i n  hosp i t a l i zed  
p a t i e n t s  have long been reccgnized. 
r e s t  suggest t h a t  n e i t h e r  r e h c e d  a c t i v i t y  alone nor  r e l a t i v e  confinement 
alone (both examples of low-input environments) r e s u l t  i n  HR and BT rhythm 
asynchrony. On t h e  o ther  h a d ,  it appears t h a t  t h e  reduct ion i n  input  s t i m u l i  
t o  propriocept ive receptors  r e s u l t i n g  from t h e  pos tu ra l  change alone,  or i n  
addi t ion  t o  t h e  confinement and i n a c t i v i t y  inherent  t o  po longed  bed r e s t ,  was  
responsible  for t h e  observed rhythm asynchrony. The r e s u l t s  f u r t h e r  support 
t h e  hypothesis t h a t  maintaining c i rcadian  rhythm synchrony i s  not dependent on 
l i g h t  alone as t h e  environmental synchronizer.  It i s  more l i k e l y  t h a t  a 
v a r i e t y  of input  s t imu l i  i s  required t o  a t t a i n  a c e r t a i n  threshold  before  syn- 
chrony of t hese  rhythms wi th  t h e  environment and with each o ther  can be main- 
ta ined.  If t h i s  hypothesis i s  t r u e ,  it should be poss ib le  t o  maintain rhythm 
synchrony i n  bed rest by changing l i g h t  i n t e n s i t y  o r  o ther  s o c i a l  and environ- 
mer,tal s t i m u l i .  

S tudies  on tile e f f e c t  of prolonged bed 
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4. STRESS-INDUCED CHANGES I N  CORTICOSTEROID METABOLISM I N  MAN 

By Martha M. Tacker, Ph. D .  

Secret ion of glucocort icoids  by t h e  adrenal  cor tex i s  e s s e n t i a l  t o  man's 
a b i l i t y  t o  meet and survive a s t r e s s f u l  s i t ua t ion .  This s ec re t ion  has been one 
of  t h e  physiological  parameters used t o  evaluate  an ind iv idua l ' s  response t o  
s t r e s s  and i s  cu r ren t ly  determined by measuring plasma or ur ina ry  concentrat ions 
of c o r t i s o l ,  t h e  p r i n c i p a l  g lucocor t ico id  secre ted  by man. 
concentrat ions a r e  influenced by seve ra l  f a c t o r s  other  than  adrena l  s ec re t ion  
( e . g . ,  plasma pro te in  binding, d i s t r i b u t i o n ,  catabolism, and excre t ion)  ; and 
changes i n  these  f a c t o r s ,  as by s t r e s s ,  w i l l  a l t e r  c o r t i s o l  concentrat ion 
independently of adrena l  s ec re t ion .  If these  changes are not recognized, t h e  
c o r t i s o l  concentrat ions w i l l  not accura te ly  r e f l e c t  adrenal  s ec re t ion ,  and 
comparisons between t h e  s t r e s s e d  and nonstressed s i t u a t i o n s  may be inco r rec t .  

However, these 

"here  has been a recur r ing  d i f f i c u l t y  i n  co r re l a t ing  and explaining c o r t i -  
sol concentrat ions measured i n  various NASA-supported s tud ie s .  I n  p o s t f l i g h t  
samples from Apollo crewmen, t h e  low plasma-cortisol concentrat ions ind ica ted  
decreased adrenal  s ec re t ion  of c o r t i s o l ,  whereas t h e  r e l a t i v e l y  high ur inary-  
c o r t i s o l  l e v e l s  ind ica ted  increased adrenal  secre t ion .  I n  prolonged bed-rest 
s t u d i e s ,  t h e  plasma-cortisol concentrat ions d i d  not c o r r e l a t e  w e l l  w i t h  t h e  
f luc tua t ions  found i n  the plasma adrenocort icotropic  hormone (ACTH) l e v e l s .  
(Adrenocorticotropic hormone i s  t h e  p r inc ipa l  st imulus t o  g lucocor t ico id  
sec re t ion .  ) 

The s t r e s s  of space f l i g h t  possibly exceeds t h e  c a p a b i l i t y  of t h e  adrena l  
t o  m e e t  t h i s  s t r e s s ,  or it taxes  t h e  adrenal  t o  such a poin t  t ha t  any add i t iona l  
stress, such as trauma, could not be m e t  adequately. Indeed, these unexpected 
c o r t i s o l  concentrat ions may be r e f l e c t i n g  such a s i t u a t i o n .  However, t hese  
concentrat ions could a l s o  be a result of stress-induced changes i n  t he  
nonsecretory f a c t o r s ;  i n  which case,  t h e  use of c o r t i s o l  concentrat ions as an 
index. of' adrena l  s ec re t ion  would have t o  be modified. I n  e i t h e r  case,  if 
c o r t i s o l  concentrat ions a r e  t o  be used as an index of t h e  stress response,  it 
i s  imperative t o  know how s t r e s s  alters t h e  cont r ibu t ion  of any of t h e  
nonsecretory f a c t o r s  con t ro l l i ng  c o r t i s o l  concentration. 

In  a s impl i f i ed  v i e w ,  plasma concentrations of c o r t i s o l  a r e  cont ro l led  by 
input  and output (by adrenal s ec re t ion  ( i n p u t )  and metabolic c learance ( o u t p u t ) ) .  
If t h e  metabolic c learance rate remains unchanged, plasma concentrat ion w i l l  be 
a funct ion of adrenal  s ec re t ion .  I n  t h i s  case ,  changes i n  plasma concentrat ion 
w i l l  be a good approximation of changes i n  adrenal  secre t ion .  

I n  addi t ion  t o  serving as an index of adrenal-secretory a c t i v i t y ,  measure- 
ment of plasma concentrat ions i s  of value i n  i t s  own r i g h t .  
t h e  c o r t i s o l  i n  t h e  blood t h a t  i s  available t o  t h e  t a r g e t  t i s s u e s  and, t he re fo re ,  
01' physiologic  i n t e r e s t .  

It i s ,  after all, 
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Metabolic clearance i s  composed of s e v e r a l  f ac to r s ,  most of  whlcn f a l l  i n t o  
one of t h ree  gene ra l  compartments: 
( f i g .  4-1). These compartments are both expandable and contractable .  Aspects 
of t h e s e  compartments can e i t h e r  be dependent on o r  independent of adrenal 
s ec re t ion  and/or plasma concentration. For example, t h e  percentage of  c o r t i s o l  
catabol ized varies w i t h  plasma concentration of c o r t i s o l ,  whereas the  amount of 
c o r t i s o l  excreted can be a l t e r e d  by changes i n  kidney function independent of  
plasma levels of c o r t i s o l .  F i n a l l y ,  these compartments may not j u s t  remove 
c o r t i s o l  from the  plasma, but i n  c e r t a i n  cases, they may r e t u r n  c o r t i s o l  t o  t h e  
plasma. 
chemical conversion, f o r  example, from co r t i sone .  

d i s t r i b u t i o n ,  catabolism, and excret ion 

This could occur by t i s s u e s  r e l eas ing  c o r t i s o l  ( re f .  4-1) or by 

When d a t a ,  such as those  i n  t h e  NASA s t u d i e s ,  cannot be r e a d i l y  i n t e r p r e t e d  
and reconci led according t o  p reex i s t ing  concepts,  t h e  assumptions underlying 
t h e s e  concepts must be reexamined and t e s t e d .  
nisms tha t  produce such "discrepancies;" and, indeed, a l t e r e d  r o l e s  of some 
nonsecretory f a c t o r s  have been suggested by some inves t iga to r s .  However, 
t h e r e  has been s u r p r i s i n g l y  l i t t l e  work t o  s u b s t a n t i a t e  t h e s e  speculat ions,  
and no d e f i n i t i v e  study has been made on t h e  e f f e c t s  of stress on t h e  r o l e  
o f  nonsecretory f a c t o r s  i n  control  o f  plasma concentrations of c o r t i s o l .  

One can speculate  about mecha- 

The enigma of t h e  c o r t i c o s t e r o i d  da t a  remains unsolved and demands a t t e n -  
t i o n  f o r  i n t e r p r e t a t i o n  of  data f r o m  future  NASA s t u d i e s .  T h i s  becomes even 
more important with increases  i n  t h e  length of t ime t h e  a s t ronau t s  w i l l  s t a y  i n  
a weight less  environment, such as i n  Skylab experiments. Evaluation o f  t h e  
r o l e s  of var ious f a c t o r s  c o n t r o l l i n g  c o r t i c o s t e r o i d  concentrations w i l l  not only 
b e n e f i t  NASA but  i s  imperative f o r  appropr i a t e  i n t e r p r e t a t i o n  of c o r t i c o s t e r o i d  
d a t a  i n  v i r t u a l l y  a l l  research i n  which p i tu i t a ry -ad rena l  funct ion i s  measured 
by plasma o r  u r ina ry  concentrat ions.  These incen t ives ,  p lus  t h e  f a c t  t h a t  
recenk advances have produced t h e  necessary t e c h n i c a l  c a p a b i l i t y ,  demand t h a t  
such s tud ie s  be i n i t i a t e d  now. 

I 

The bas i c  quest ion i s  whether plasma c o r t i s o l  i s  t h e  most appropriate  and 
most informative measurement of t h e  stress response. 

a l so  a t  NASA Lyndon B. Johnson Space Center (JSC) ( t h e  corticosteroid-binding- 
p ro te in  technique) a c t u a l l y  measures a mixture of cor t , i cos te ro ids  . This method. 
i s  general ly  adequate f o r  most c l i n i c a l  s t u d i e s  because c o r t i s o l  i s  t h e  p r inc i -  
pa l  c o r t i c o s t e r o i d  sec re t ed  by man: However, t h e  adrens.1 co r t ex  does s e c r e t e  a 
v a r i e t y  of b i o l o g i c a l l y  a c t i v e  s t e r o i d s ,  and t h e  r o l e  of stress on t h e  r e l a t i v e  
sec re t ions  of each s t e r o i d  has not  been defined. Because the  inves t iga t ion  
ou t l ined  i n  t h e  following paragraphs i s  designed t o  e l u c i d a t e  mechanisms and 
make i n t e r p r e t a t i o n s  d i r e c t l y  r e l a t e d  t o  p i tu i ta ry-adrena l  funct ion,  each of t h e  
var ious components needs t o  be separated and examined. 
t h e  ind iv idua l  c o r t i c o s t e r o i d s  sec re t ed  by t h e  adrenal  co r t ex  must be measured; 
t h i s  c a l l s  f o r  even more s p e c i f i c i t y  than has gene ra l ly  been used t o  da t e .  
S p e c i f i c  measurements of amounts of c o r t i c o s t e r o i d s  sec re t ed  are now available 
by using e i t h e r  radioimmunoassays o r  by sepa ra t ing  c o r t i c o s t e r o i d s  by column 
chromatography; q u a n t i t a t i o n  i s  a l s o  a v a i l a b l e  by using t h e  binding-protein 
assay (refs.  4-2 and 4-3). 

Although t h e  word "co r t i -  
I 
I sol" has been used i n  t h i s  discussion,  t h e  a n a l y t i c a l  method used general ly  and 
I 

Therefore,  amounts of 



I 

I .  

The relevance of such s p e c i f i c  s tud ie s  i s  supported by two recent  r epor t s .  
Adrenocorticotropic hormone adminis t ra t ion ( the  p r i n c i p a l  physiologic st imulus 
f o r  co r t i cos t e ro id  s e c r e t i o n )  has been reported t o  increase sec re t ion  of c o r t i s o l  
much more than it does cor t icos te rone  ( r e f .  4-4). In  c o n t r a s t ,  ana lys i s  of pre- 
and post-surgery plasma samples revealed t h a t  cor t icosterone increased propor- 
t i o n a t e l y  more than c o r t i s o l  ( ref .  4-5). 

I f  plasma c o r t i s o l  i s  found t o  be the  b e s t ,  e a s i e s t ,  and most d i r e c t  measure- 
ment of adrenal-cortex funct ion,  the second question i s ,  "is it necessary t o  mod- 
i f y  ones i n t e r p r e t a t i o n  of changes i n  plasma c o r t i s o l  i n  various circumstances?" 
That i s  to s a y ,  "is a s i g n i f i c a n t  amount of t he  change i n  plasma concentrat ion 
r e su l t i ng  from a l t e r e d  d i s t r i b u t i o n ,  catabolism, or excret ion so t h a t  plasma 
values a re  not  an accurate  r e f l e c t i o n  of adrenal-cortex secre tory  a c t i v i t y ? "  
s tud ie s  out l ined  i n  the  following paragraphs a re  designed t o  provide information 
bas ic .  t o  answering these  quest ions.  

The 

The s tud ie s  w i l l  use normal male volunteers  i n  both s t r e s s e d  and unstressed 
s i t u a t i o n s .  Blood w i l l  be saclpled a t  designated i n t e r v a l s  before ,  during, and 
after the  s t r e s s ;  u r ine  w i l l  be co l l ec t ed  during appropriate  i n t e r v a l s .  Measure- 
ments w i l l  be nrade af concenirat ions of c o r t i s o l ,  cor t icos te rone ,  cor t i sone ,  
11-deoQ-cwtlsol  (Compound S )  , and increases  i n  deoxycorticosterone. 
of 11-deoxycortisol and deoxycorticosterone i s  des i rab le  because of t h e i r  mineral- 
ocor t ico id  a c t i v i t y .  i f  c e r t a i n  stresses cause s i g n i f i c a n t  increases  i n  sec re t ion  
of mineralocort icoids  , t h i s  information would be valuable  i n  explaining changes 
i n  f l u i d  and e l e c t r o l y t e  metabolism such as those tha t  have been observed i n  t h e  
Apollo f l i g h t s .  
Medicine, Houston, Texas. 

Inclusion 

Plasma ACTH measurements w i l l  be made a t  Baylor College of 

The s tud ie s  cu r ren t ly  planned a re  designed t o  follow plasma and ur inary  
c o r t i c o s t e r o i d  concentrat ions , ur inary  metabolites of t h e  co r t i cos t e ro ids  , and 
plasma BCTE. The e f f e c t  of s t r e s s  on t h e  r a t i o  of c c r t i s o l  bound t o  t h e  t rans-  
p o r t  p rc t e in  and c o r t i s o l  f r e e  i n  t h e  plasma w i l l  be measured. 
sotope techniques,  plasma concentrat ions w i l l  be cor re la ted  with adrena l  
secre t ion  of c o r t i s o l ,  and changes i n  d i s t r i b u t i o n  w i l l  be measured, i n i t i a l l y ,  
by measuring shif ts  i n  t h e  amounts found i n  plasma and blood c e l l s .  Removal of 
c o r t i s o l  f r o m  t he  plasma.  w i l l  be correlated w i t h  appearance i n  the urine; t i m e  
r e l a t ionsh ips  and the  r o l e  of changes i n  kidney func t ion  w i l l  be evaluated. 
Changes i n  catabolism w i l l  be measured by changes i n  t h e  ur inary  metabol i tes .  

By using rad io i -  

The t i m e  r e l a t ionsh ips  of  the adrenal  response t o  s t r e s s  are of physiologic  
i n t e r e s t  i n  view of t h e  recent  r epor t s  of a diphasic  or t r i p h a s i c  response i n  
s t r e s s e d  animals ( r e f s .  4-6 and 4-7). This information i s  of p r a c t i c a l  value 
regarding t i m e  of sampling and i n t e r p r e t a t i o n  of values of plasma concentrations 
subsequent t o  stress. 

An examination has been proposed t o  determine the e f f e c t s  of muscular exer- 
c i s e  on t h e  metabolism ( s e c r e t i o n ,  binding, catabolism, and excre t ion)  of c o r t i -  
cos te ro ids  i n  man by using a homogeneous population of t r a i n e d  subjec ts  and 
r i g i d l y  cont ro l led  exercise .  
of an a l t e r e d  n u t r i t i o n a l  s t a t u s  ( f o r  example, potassium deficiency)  as w e l l  as 
var ious stresses such as hea t  o r  psychic.  

Subsequent s tud ie s  would i nves t iga t e  t h e  e f f e c t  
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This s tudy w i l l  provide a b e t t e r  understanding of  the f ac to r s  con t ro l l i ng  
t h e  c i r c u l a t i n g  concentrations of co r t i cos t e ro ids  as w e l l  as ind ica t e  how we l l  
ur inary and plasma c o r t i s o l  concentrations can be co r re l a t ed  under conditions o f  
stress. Inves t iga to r s  w i l l  be able t o  decide if plasma and ur inary concentra- 
t i o n s  of c o r t i s o l  are t h e  appropriate  and most informative measurements t o  re- 
f l e c t  adrenal-cort ical  s ec re to ry  a c t i v i t y .  Furthermore, t h i s  study w i l l  document 
a l t e r e d  s e c r e t i o n  of var ious types o f  co r t i cos t e ro ids  t h a t  play a s i g n i f i c a n t  
r o l e  i n  f l u i d  and e l e c t r o l y t e  metabolism; l a s t l y ,  it w i l l  reveal t h e  similar- 
i t i e s  and d i f f e rences  i n  t h e  e f f e c t s  of d i f f e r e n t  types of stress. 

I n  add i t ion  t o  providing p r a c t i c a l  information f o r  i n t e r p r e t a t i o n  o f  da t a  
from NASA-sponsored and o t h e r  stress s t u d i e s  ( including space f l i g h t s ) ,  t h e s e  
s t u d i e s  are of i n t e r e s t  from o the r  physiological  viewpoints. For example, t h e  
proposed i n v e s t i g a t i o n  w i l l  serve as a d e f i n i t i v e  study of  t h e  e f f e c t s  of  exer- 
c i s e  on c o r t i c o s t e r o i d  metabolism i n  man, an area t h a t  remains con t rove r s i a l  at 
t h i s  t i m e .  Furthermore, a be t te r  understanding of a l l  t h e  inf luences on t h e  
concentration of  unbound c o r t i s o l  i n  plasma, t h e  b i o l o g i c a l l y  ac t ive  f r a c t i o n ,  
w i l l  be invaluable  i n  f u r t h e r  e luc ida t ing  t h e  physiology of glucocort icoids  i n  
m a n .  
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5. PARATHYROID HORMONE AND VITAMIN D: 

PRESENT STATUS OF PHYSIOLOGICAL STUDIES 

By John T. P o t t s ,  Jr. , 14. D. , and K. G. Swenson 

PARATHYROID HORMONE 

I 
1 -  

Rapid advancement i n  t h e  knowledge regarding t h e  chemical p rope r t i e s  of 
parathyroid hormones has been achieved i n  t h e  pas t  2 years. 
amino ac id  sequence of t h e  major form of t h e  bovine hormone has been de te r -  
mined ( r e f s .  5-1 and 7-21,  and t h e  s t r u c t u r e  of porcine parathyroid hormone 
has a l s o  been def ined ( re f .  5 - 3 ) .  Synthesis of peptides cons i s t ing  of t h e  
amino terminal 34 r e s idues  of t h e  bovine and porcine hormone and numerous 
sho r t e r  sequences and analogs of t h e  amino terminal sequence of both molecules 
have permitted s t u d i e s  of t h e  minimum s t r u c t u r a l  f e a t u r e s  required f o r  bio-  
l o g i c a l  a c t i v i t y  ( f i g .  5-1 and r e f .  5-4) .  

The complete 

The information concerning s t r u c t u r e - a c t i v i t y  r e l a t i o n s  of parathyroid 
hormone, which has r e s u l t e d  from these  s tud ie s  of t h e  b i o l o g i c a l  a c t i v i t y  of 
syn the t i c  fragments, has r e c e n t l y  assumed g rea t  s ign i f i cance  because of nu- 
merous r e p o r t s  i n d i c a t i n g  t h a t  t h e  biosynthesis  and metabolism of endogenous 
parathyroid hormone i s  q u i t e  complex. Multiple,  chemically d i s t i n c t  forms 
of parathyroid hormone have been e i t h e r  i d e n t i f i e d  or  suspected t o  be present  
i n  t h e  c i r c u l a t i o n  ( r e f .  5-5). This complicates i n t e r p r e t a t i o n  of radio- 
immunoassay s t u d i e s  i n  c l i n i c a l  disorders  or i n  evaluat ing p o t e n t i a l  
physiological changes, as i n  t h e  s tud ie s  r e l a t i n g  t o  space f l i g h t .  

Several  years  ago, it w a s  demonstrated t h a t  plasma parathyroid hormone 
i s  immunologically d i s t i n c t  frcm hc-mone ex t r ac t ed  from human adenomas. 
More recently (ref's. 5-6 ::.ad 5-7) ,  it w a s  shown with i n  vitro studies that 
t h e  immunoreactive parathyroid horrrone, which accumulated i n  c u l t u r e  media 
when parathyroid glands were incubatzd i n  organ c u l t u r e ,  w a s  of  smaller 
molecular s i z e  t han  t h e  s to red  84 amino a c i d  hormone. 
ges t ion  that  parathyroid hormone i s  cleaved i n  t h e  parathyroid gland p r i o r  
t,o sec re t ion .  
pept ide could not be t h e  endogenous, a c t i v e  form of t h e  hormone i n  vivo. 

This l e d  t o  t h e  sug- 

This  conclusion had t h e  implication t h a t  t h e  84 amino a c i d  

Laboratory f ind ings  ( r e f .  5-8 ) i n d i c a t e  t h a t  , i n  t h e  pe r iphe ra l  c i rcu-  
*at ion of both man and cow, t h e  immunoreactive parathyroid hormone c o n s i s t s  
l a r g e l y  of a fragment(s)  o f  t h e  i n t a c t  hormone. 

c = a :  c i r c u l a t i o n  and not from cleavage i n  t h e  gland before  release. The 
sec re t ed  hormone i n  man and cow i s  a t  least as l a r g e  as t h e  molecules ex t r ac t ed  
from glands. 

However, 5hese s tud ie s  have 
shown conclusively t h a t  t h i s  fragment(s) r e s u l t s  from c l e a  th -  p€- - vh- 
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Both t h e  i n t a c t  hormone and hormone fragment ( s )  are present i n  extremely 
low concentrations i n  plasma, s o  it has not y e t  been f e a s i b l e  t o  i s o l a t e  t h e  
peptides i n  s u f f i c i e n t  q u a n t i t i e s  f o r  b i o l o g i c a l  or chemical t e s t i n g .  There- 
f o r e ,  e f f o r t s  i n  t h e  au tho r s '  l abo ra to ry  have concentrated on t h e  development 
of radioimmunoassays i n  which an t ibod ie s  have been developed or modified 
( r e f .  5-9) t o  permit s e l e c t i v e  measurement of l i m i t e d  regions of t h e  hormonal 
sequence. Because t h e  minimum active sequence required f o r  b i o l o g i c a l  a c t i v -  
i t y  has been I d e n t i f i e d ,  immunochemical t e s t i n g  can be applied t o  determine 
whether any fragment i n  c i r c u l a t i o n  has t h e  s t r u c t u r a l  features required f o r  
t h i s  ac t iv j - ty .  Thus fa r ,  s tud ie s  wi th  endogenous hormone have e s t ab l i shed ,  
through g e l  f i l t r a t i o n  a n a i y s i s  of human pe r iphe ra l  plasma samples, t h a t  
t h e r e  i s  a, l a r g e  peak of immunoreactive material t h a t  elutes a t  a p o s i t i o n  
corresponding to a molecular weight of approximately 7000. This fragment i s  
de t ec t ed  using a n t i s e r a  t h a t  recognize an t igen ic  determinants between r e s idues  
30 and 84, but not  by a n t i s e r a  t h a t  recognize determinants amino terminal  t o  
pos i t i on  30 ( f i g .  5 -2 (a ) ) .  Because t h i s  l a r g e  fragment lacks a port ion of 
t h e  c r i t i c a l  amino t e rmina l  sequence required f o r  b io log ica l  ac t . i v i ty ,  it 
m u s t  be b i o l o g i c a l l y  i n a c t i v e .  Thus f a r ,  amino terminal  r e a c t i v i t y  has been 
detected only i n  t h e  peak corresponding t o  i n t a c t  hormone i n  pe r iphe ra l  human 
plasma ( f i g .  5-2(b),  GP-1 preincubated with excess fragment 53 t o  84) .  

Cleavage of t h e  na t ive  peptide by an  endopeptidase should r e s u l t  i n  
formation of at, l eas t  two fragments. With recogni t ion  of t h e  l a r g e  fragment, 
one might have expected t o  de t ec t  a second fragment of molecular weight 2500. 
However, no immnoreactive fragment has thus  far been found t h a t  e l u t e s  l a te r  
i n  t h e  g e l  column e f f l u e n t .  F a i l u r e  t o  d e t e c t  such a s m a l l  fragment with 
present  a n t i s e r a  might mean only t h a t  t h e  region of t h e  molecule c o n s t i t u t i n g  
t h e  fragment i s  not recognized by t h e  a n t i s e r a .  It may a l s o  mean, however, 
t h a t  t h e  srnaller fragment i s  destroyed a t  t h e  t i m e  of cleavage or is c lea red  
r a p i d l y  from t h e  c i r c u l a t i o n  i n  man. 

Howe-Yer, i n  preliminary animal s t u d i e s  i n  which bovine hormone has been 
infused in-io t h e  dog and cow and i n  s t u d i e s  of endogenous hormone i n  cows, 
a s m a l l  fragment equival.en+, to a molecular weight of approximately 2500 as 
we l l  as t n e  l a r g e  fragment of approximately 7000 molecular weight has beer! 
i d e n t i f i e d .  
t h a t  f a i l  t o  react w i t h  t h e  l a r g e  fragment,. These s t u d i e s  i n  animals have 
increased t h e  suspicion tha t  a smaller amino terminal  fragment w i l l  u l t imate ly  
be found i n  hman blood. 

T5is small fragment j.s de tec t ed  by two amino t e rmina l  a n t i s e r a  

Only when t h e  exact s i t e  of cleavage of t h e  secreted hormonal molecule 
i s  determined, can one assess t h e  p o t e n t i a l  b i o l o g i c a l  s ign i f i cance  of t h e  
small amino fragment observed !.n dogs and cows and surmised by analogy t o  
be present in man. The syn the t i c  s t u d i e s  permit t h e  conclusion t h a t  any 
fragment of bovine parathyroid hormone, i n  order  t o  be b i o l o g i c a l l y  active, 
must cor:sis+, c.f 8. ccntinuous pept ide seaueflce beginning with r e s idue  number 2 ,  
v a l i n e ,  apd. extending as far as r e s i d u e  number 27, l y s i n e .  
i n  f i g w e  5 - 2 ,  if t h e  cleavage occurs "anino te rmina l  t o  pos i t i on  27," both 
fragments produced by el-eavage would be b i o l o g i c a l l y  i n a c t i v e  (based on strut- 
t u r e - a c t i v i t y  c o n s i d e r a t i o x  ( f i g .  5 -1 ) ) .  I f  cleavage occurs "carboxy 
terminal  t o  posi t ion 27," t h e  amino t e rmina l  fragment r e s u l t i n g  from t h e  
cleavage might have t h e  s t r u c t a r a l  requiremects t o  be b i o l o g i c a l l y  a c t i v e .  

A s  i l l u s t r a t e d  

5-2 



Present i nves t iga t ions  involving use of a series of a n t i s e r a  with more care-  
f u l l y  defined recogni t ion s i tes  w i l l  he lp  t o  i d e n t i f y  more p r e c i s e l y  t h e  s i t e  
of cleavage. 

In  addi t ion t o  t h e s e  h i t h e r t o  unappreciated features of hormone meta- 
bolism; complexity has been uncovered with respect  t o  t h e  biosynthesis  of 
t h e  hormone. Biosynthesis of a precursor (proparathyroid hormone) t o  human 
and bovine parathyroid hormone has been demonstrated (refs. 5-10 t o  5-13). 

Therefore, it i s  now known t h a t  human and bovine parathyroid hormones 
undergo a t  least two s p e c i f i c  cleavages from t h e  point  of i n i t i a l  c e l l u l a r  
b iosyn thes i s  t o  t h e i r  ultimate disappearance from t h e  c i r c u l a t i o n  ( f i g .  5-4). 
The f irst  of t h e s e  cleavages occurs i n  t h e  c e l l  when proparathyroid hormone 
(molecular weight approximately 11 500 da l tons )  i s  converted t o  parathyroid 
hormone (molecular weight 9500 d a l t o n s ) ,  t h e  predominant species  of t h e  hor- 
mone t h a t  i s  sec re t ed  i n t o  t h e  c i r c u l a t i o n .  After  s ec re t ion ,  t h e  hormone 
r ap id ly  undergoes a second cleavage i n  t h e  periphery; a peak, e l u t i n g  la te r  
than n a t i v e  hormone, corresponding t o  a fragment of molecular weight approx- 
imately 7000 dal tons i s  detected i n  t h e  general  c i r c u l a t i o n .  Obviously, 
t'nese s p e c i f i c  cleavage s t e p s  could serve as points  of metabolic c o n t r o l  
r egu la t ing  both t h e  amount of b i o l o g i c a l l y  a c t i v e  hormone a v a i l a b l e  f o r  
s ec re t ion  as w e l l  as t h e  concentrat ion of hormonally a c t i v e  pept ides  c i rcu-  
l a t i n g  and i n t e r a c t i n g  with r ecep to r s  i n  bone and kidney. 

A t  t h e  present  time, it can be concluded t h a t  immunoassays of parathy- 
r o i d  hormone must be i n t e r p r e t e d  caut iously i n  view of t h e  complex na tu re  
of c i r c u l a t i n g  immunoreactive hormone. On t h e  other  hand, it i s  c l e a r  t h a t  
immunoreactive hormone concentrat ion i n  blood does c o r r e l a t e  w i t h  chronic 
changes i n  parathyroid gland sec re to ry  a c t i v i t y .  
t h a t  t h e  concentration of o v e r a l l  immunoreactive hormone i n  blood re la tes  
t o  parathyroid sec re to ry  r a t e  i n  a manner similar t o  t h e  r e l a t i o n  between 
ur inary 17-hydroxycorticoid exc re t ion  and c o r t i s o l  s ec re to ry  rate. 
s ta tes  of primary o r  secondary hyperparathyroidism, basal immunoreactive 
hormone concentrations are e i t h e r  abso lu t e ly  increased o r  i nappropr i a t e ly  
high i n  r e l a t i o n  t o  serum calcium. High, or a t  least  r e a d i l y  de t ec t ab le ,  
hormone concentrations d e s p i t e  hypercalcemia are seen i n  primary hyperpara- 
thyroidism; hormone concentrat ions are undetectable i n  hypercalcemia due 
t o  nonparathyroid r e l a t e d  d i seases  where t h e  parathyroids a r e  ch ron ica l ly  
suppressed ( f i g .  5 - 5 ) .  

One can s t a t e  by analogy 

I n  

I n  a l l  Apollo missions,  hormone concentrations have been wi th in  t h e  
normal range before  and a f te r  space f l i g h t .  The r e s u l t s  suggest t h a t  adap- 
t i v e  increases  i n  parathyroid s e c r e t o r y  ra te  have not accompanied an  
exposure t o  ve igh t l e s sness  o f  not  longer than 13 days. 

VITAMIN D 

It is  now appreciated t h a t  vitamin D i s  s tored i n  t h e  body a f t e r  
formation i n  t h e  sk in  or absorption from t h e  d i e t  and i s  converted t o  
25-OH vitamin D (25-OH D )  by a s p e c i f i c  hydroxylase i n  t h e  l i v e r  ( r e f .  5-14). 
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Although t h i s  compound i s  a c t i v e  i n  v i t r o  (while vitamin D i t se l f  i s  i n a c t i v e ) ,  
it has been discovered very r e c e n t l y  t h a t  f u r t h e r  hydroxylation of t h e  vitamin 
occurs i n  t h e  kidney before  it can a c t  on i t s  t a r g e t  t i s s u e s .  It i s  now 
known t h a t  25-OH D i s  metabolized i n  t h e  kidney t o  1,25-(OH)2 vitamin D 

( 1 , 2 5 - ( 0 H ) 2  D ) ,  2 4 , 2 5 - ( 0 H ) 2  vitamin D ( 2 4 , 2 5 - ( 0 H ) 2  D ) ,  and other  dihydroxy 
metabol i tes  t h a t  have no t  y e t  been f u l l y  i d e n t i f i e d  ( r e f .  5-15). It has 
been shown t h a t  1 , 2 5 - ( O H ) 2  D s t imu la t e s  calcium t r a n s p o r t  by t h e  i n t e s t i n e  

and mobilizes bone calcium i n  D-deficient rats. The physiologic r o l e  of 
a second dihydroxy metabol i te ,  2 4 , 2 5 - ( 0 H ) *  D ,  i s  unclear ,  although phar- 

macologic doses mobilize s k e l e t a l  calcium i n  t h e  D-deficient rat while 
showing only l imi t ed  s t imu la t ion  of i n t e s t i n a l  calcium t r a n s p o r t  ( r e f .  5-16). 

The metabolic a c t i v a t i o n  of vitamin D appears t o  be a regulated process 
i n  both t h e  l i ve r  and t h e  kidney. I n  v i t r o  and i n  vivo experiments with 
t h e  r a t  have suggested product i n h i b i t i o n  of t h e  l i v e r  hydroxylase. Using 
t h e  competit ive binding assay f o r  D and OH-D (using a s p e c i f i c  D binding 
p r o t e i n  from ra t  serum), t h e  authors  found wide v a r i a t i o n s  i n  t h e  serum 
02-D levels ( t e n f o l d  o r  g r e a t e r )  i n  D-deficient rats with l i t t l e  or no change 
i n  serum calcium and, i n  con t r a s t ,  s m a l l  changes i n  OH-D level  with l a r g e  
changes i n  serum calcium (ref .  5-17). Indeed, i n  t h e s e  l a t t e r ,  c l i n i c a l l y  
d e f i c i e n t  animals wi th  hypocalcemia, s tun ted  growth, and abnormal bones, 
t h e  OH-D l e v e l s  w e r e  reduced by one-third t o  one-half but w e r e  detectable 
(1 ng/ml.) f o r  a t  l eas t  4 t o  5 weeks a f t e r  t h e  onset  of c l i n i c a l  def ic iency.  
Therefore,  t h e r e  does not  seem t o  be any d i r e c t  c o r r e l a t i o n  between serum 
OH-D levels and t h e  metabolic consequences of D def ic iency,  but f u r t h e r  
attempts t o  r econc i l e  t h e s e  f indings with previous concepts are c u r r e n t l y  
underway. 

Applying t h e s e  techniques d i r e c t l y  t o  s t u d i e s  i n  man has been d i f f i -  
c u l t  because vitamin D 

t h e  sk in  and t h e  physiologic form i n  man) and vitamin D2 (from d i e t a r y  

sources)  a r e  no t  equipotent i n  t h e  assay system with t h e  ra t  binding pro- 
t e i n ,  although they are equipotent b i o l o g i c a l l y .  It w a s  discovered, however, 
t h a t  t h e  vitamin D binding p r o t e i n  i n  chick sera i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  vitamin D 

f o r  development of a s e l e c t i v e  assay f o r  D 

determination of t o t a l  b i o l o g i c a l l y  a c t i v e  D (D2 and D ) by sub t r ac t ion  

ana lys i s .  Although c r y s t a l l i n e  vitamin D2 has been available, t h e  l ack  o f  

r e l i a b l e  hydroxylated D2 metabolites or r a d i o a c t i v e  D2 has impeded f u r t h e r  

development of t h e s e  assays .  

e r a t ed  by feeding D-deficient rats l a r g e  doses of vitamin D with subsequent 

i s o l a t i o n  of t h e s e  metabol i tes  from t h e i r  blood. The authors  have now 
p u r i f i e d  t h e  plasma e x t r a c t  f r ee  of o t h e r  D metabol i tes  by g e l  f i l t r a t i o n  

( r e s u l t i n g  from photoac t iva t ion  o f  precursor i n  3 

and hydroxylated D2 metabol i tes  and might provide t h e  basis 2 
and i t s  metabol i tes  with t h e  3 

3 

Hydroxylated D 2  metabol i tes  have been gen- 

2’ 
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I -  

ciil vmatc&raphy over Sephadex LH-20  and have approximately 100 grams of 
OH D t h a t  i s  s t i l l  contaminated with a l a r g e  amount of non-D l i p i d .  

Further  p u r i f i c a t i o n  of t h i s  material i s  p resen t ly  underway. 
2 

I n  r e l a t e d  s t u d i e s ,  it has been demonstrated t h a t  t h e  D t r a n s p o r t  pro- 
t e i n  from r a t  plasma p r e f e r e n t i a l l y  binds t h e  25 hydroxylated metabol i tes  
cf vitamin D .  This has made poss ib l e  t h e  development of an  assay f o r  25-OH 
vitamin D d i r e c t l y  from ethanol  e x t r a c t s  of serum (el iminat ing cumbersome, 
time-consuming, p repa ra t ive  chromatographic separat ion of D and OH-D), thus  
f a c i l i t a t i n g  t h e  processing of many more samples much more r a p i d l y  (1 day 
compared t o  1 0  days ) .  Although preliminary s tud ie s  have been undertaken 
i n  some se l ec t ed  human sera (where D def ic iency or gross excess w a s  sus- 
pected) ,  most s t u d i e s  have focused on a rat model where t h e  animals ac t ed  
as t h e i r  own con t ro l s  (ser ia l  s t u d i e s ) ,  as during pregnancy, l a c t a t i o n ,  
and p o s t l a c t a t i o n ,  or where t h e  nature  of t h e  D i n t ake  was con t ro l l ed  
(D3 or  OH D The preliminary r e s u l t s  have 

challenged t h e  concept of product i n h i b i t i o n  a t  t h e  l i v e r  hydroxylase. 

fed  t o  D-deficient animals).  3 

The discovery t h a t  1 , 2 5 - ( O H ) 2  D and 2 4 , 2 5 - ( 0 H ) 2  D are  t h e  t i s s u e  

s p e c i f i c  forms of vitamin D has r e s u l t e d  i n  a reassessment of t h e  r o l e  of 
vitamin D i n  both normal and disordered calcium and s k e l e t a l  homeostasis. 
Although extensive s t u d i e s  using pr imari ly  t r a c e r  k i n e t i c  a n a l y s i s  i n  v i t r o  
and i n  vivo have been done i n  t h e  D-deficient ra t ,  a number of questions 
regarding c o n t r o l  mechanisms and metabolic determinants s t i l l  remain even 
i n  t h i s  model. However, confirmation of t h e s e  f indings and t h e i r  appl i -  
c a b i l i t y  t o  problems i n  man have been extremely l imi t ed ,  p r imar i ly  because 
of t h e  d i f f i c u l t i e s  involved i n  t r a c e r  k i n e t i c  ana lys i s  i n  human sub jec t s  
with endogenous vitamin D s t o r e s  of uncertain amount and composition. 

To determine t h e  physiologic importance of t h e  recent  discovery t h a t  
t h e  kidney metabolizes 25-OH D t o  dihydroxy metabol i tes  and t o  determine 
t h e  r o l e  t h i s  may have i n  disordered calcium and s k e l e t a l  homeostasis i n  
man, f u r t h e r  technological  developments, most s p e c i f i c a l l y  t h e  development 
of assays f o r  t h e  dihydroxy metabol i tes ,  a r e  necessary. The authors  have 
been able t o  show t h a t  1,25-(OH)2 D and 24,25-(0H)2 D i n t e r a c t  w i t h  t h e  

same binding pro+,ein used i n  t h e  present assay ( f o r  D and 25--OH D) and t o  
separa?.? t h e  d i h : ~ ~ T i ~ ~ : ~ r  ma+.abolites from each other (as w e l l  as from D and 
25-OH 2 )  3y chromacogl’aphy ocvzr Sephadex LH-20.  It i s  feasible t o  develop 
a n  &;say f o r  t h e  a?L?.hydrc.xy nietabolites w i t h  adequate s e n s i t i v i t y  t o  d e t e c t  
t h e s e  compounds i n  human ;ia,smz. or serum. However, f i n a l  development of 
t hese  assays r e q u i r e s  a r e l i a b l e  standard.  (Synthesis of 1 , 2 5 - ( O H ) ,  D3 

has been completed bu t  f i n a l  p u r i f i c a t i o n  and quan t i t a t ion  i s  r equ i r ed ,  
while 24,25-(0H), D 3  has not y e t  been synthesized but only generated bio- 

l o g i c a l l y .  ) The l , 2 5 - ( O H ) 2  D3 s tandard,  which should be a v a i l a b l e  wi th in  

t h e  next f e w  months, w i l l  make poss ib l e  t h e  measurement not only of vita- 
min D i t s e l f  but  a l s o  of t h e  monohydroxylated and dihydroxylated metabol i tes  
of D.  Researchers may then assess t h e  role of t h e  r e n a l  hydroxylase(s) as 
w e l l  as t h a t  of l i ve r  hydroxylase i n  normal and abnormal vitamin D metabolism. 
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Figure 5-1.- The shaded area  (1 t o  27) of  t h e  f i r s t  34 res idues  o f  t h e  
bovine hormone i n d i c a t e s  t h e  min ima l  sequence required for  b io logica l  
a c t i v i t y  . 
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of t h e  radioimmunoassays. 
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Figure 5-3.- Model of t h e  two a l t e r n a t e  metabolic cleavage sites o f  
parathyroid hormone. 
quence required for  b i o l o g i c a l  a c t i v i t y .  

The crosshatched a r e a  ind ica t e s  t h e  minimal se- 

Cell Circulation 

N 

1. Metabolism 

2. Secretion 

3.  Biosynthesis 

N 

Figure 5-4.- Model of biosynthesis ,  secre t ion ,  and metabolism of parathy- 
r o i d  hormone i n  vivo. 
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6 .  ANTAGONISTIC EFFECT OF LITHIUM ON 

ANTIDIUFETIC HORMONE ACTION 

By Myron Miller, M.D. 

Studies  deal ing with t h e  influence o f  various drugs on a n t i d i u r e t i c  
hormone (ADH) sec re t ion  o r  act ion have been made. In t h e s e  s t u d i e s ,  chlor- 
propamide (an o r a l  sulfonylurea agent )  has been shown t o  be an e f f e c t i v e  an t i -  
d i u r e t i c  agent i n  t h e  treatment of diabetes insipidus ( D I )  ( re f .  6-1) and has  
been found t o  a c t  both by s t imu la t ing  ADH release from t h e  neurohypophysis and 
by p o t e n t i a t i n g  t h e  ac t ion  of s m a l l  amounts of ADH a t  t h e  r e n a l  t ubu le  
(refs.  6-2 and 6 - 3 ) .  
been demonstrated t o  s t imu la t e  ADH release ( r e f .  6-4). 
usable drug i s  available t h a t  i s  capable o f  i n t e r f e r i n g  with ADH release or of  
i n h i b i t i n g  ADH act ion on t h e  kidney. 

demonstrate t h a t  l i t h i u m  ion ( L i  ) i s  capable of causing polyur ia  i n  animals 
and man ( refs .  6-5 and 6-6). This report  ver i f ies  t h e  observation and provides 

d a t a  on t h e  mechanism o f  L i  

More r ecen t ly ,  t h e  hypolipidemic agent c l o f i b r a t e  has 
A s  y e t ,  no c l i n i c a l l y  

Several  r epor t s  have been w r i t t e n  which 
+ 

+ 
induced polyuria.  

MATERIALS AND METHODS 

Studies  were made o f  normal rats and rats of t h e  Brat t leboro s t r a i n  t h a t  
were e i t h e r  heterozygous or homozygous f o r  heredi tary hypothalamic D I .  The 
animals were housed i n  metabolic cages, and ur ine w a s  c o l l e c t e d  at  24-hour 
i n t e r v a l s .  After  base l ine  c o l l e c t  ion periods , normal or heterozygous D I  rats 
were given d a i l y  subcutaneous i n j e c t i o n s  of l i t h i u m  ch lo r ide  ( L i C 1 )  s o l u t i o n ,  
0.3 t o  0.4 meq/lOO g body weight. 
volume, osmolality , ADH, sodium', potassium, and c rea t in ine .  A f t e r  a con t ro l  
per iod,  rats homozygous for D I  were given subcutaneous vasopressin t anna te  i n  
o i l ,  100 mU/lOO g body weight. H a l f  of t h i s  group also received simultaneous 
i n j e c t i o n s  of L i C 1 ,  0 . 3  meq/100 g body weight. 
w e r e  measured i n  one group of heterozygous D I  rats before  and after 2 days of 
dehydration. 

Urine was co l l ec t ed  f o r  determination of 

Urine and p i t u i t a r y  ADH content 

The ADH w a s  measured by radioimmunoassay (refs.  6-7 and 6 - 8 ) .  

RESULTS 

-+ 
Normal rats given L i  0 . 4  meq/100 g body weight developed polyuria  and 

decrease i n  u r ine  osmolali ty within 24 hours from i n i t i a t i o n  o f  treatment.  
This condition increased progressively so  t h a t  by 5 days of treatment t h e  mean 
u r i n e  volume increased from 7.1 t o  38.2 ml/24 h r  and mean u r i n e  osmolali ty de- 
creased f r o m  2734 t o  648 mOsm/kg ( f i g .  6-1). A similar response occurred i n  
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+ 
heterozygous D I  rats given L i  0.3 meq/100 g body weight ( f i g .  6-2). 
these animals , urine volume rose progressively from a mean of 11.6 t o  49.4 
ml/24 h r ,  while mean u r ine  osmolali ty f e l l  from 1760 t o  522 mOsm/kg. 
ADH excretion increased from 0.31 mU/24 h r  before  treatment t o  0.82 mU/24 h r  

after 5 days of L i  t reatment  ( f i g .  6-3), thus  i n d i c a t i n g  t h a t  t h e  polyur ia  
w a s  not due t o  impaired ADH release. After  2 days of dehydration, u r ina ry  ADH 
excret ion increased t o  2.20 rnU/24 h r  in untreated animals and t o  1 .95  mU/24 hr 

i n  L i  t r e a t e d  r a t s ,  values  not s i g n i f i c a n t l y  d i f f e r e n t  from each other 

( f i g .  6-3). Four days of L i  treatment did not  a f f e c t  p i t u i t a r y  ADH content 
i n  normally hydrated rats and d i d  not prevent t h e  p i t u i t a r y  ADH dep le t ion  
induced by 2 days of dehydration ( f i g .  6-4).  These observations demonstrate 

t h a t  t h e  L i  e f f e c t  occurs without i n t e r f e rence  with ADH syn thes i s  o r  release. 

I n  

Urinary 

+ 

+ 
+ 

+ 

+ 
In.jection of L i  0.3 meq/l00 g body weight blocked t h e  a n t i d i u r e t i c  

e f f e c t  of vasopressin given t o  rats homozygous f o r  he red i t a ry  hypothalamic 

D I  ( f i g .  6-51. The L i  treatment r e s u l t e d  i n  a s i g n i f i c a n t  decrease i n  t h e  
a-nount of i n j e c t e d  ADH t h a t  was excreted i n  the u r ine  ( f i g .  6-6). 

+ 

DISCUSSION 

+ 
The da ta  presented he re  c l e a r l y  demonstrate t h a t  L i  is  capable of read- 

i l y  inducing polyur ia  both i n  normal rats and i n  rats with diminished neuro- 
hypophyseal ADH content.  The polyur ia  occurs without a s soc ia t ed  decrease i n  
u r ine  ADH excret ion and,  i n  f a c t ,  t h e r e  i s  a moderate increase i n  ADH excret ion 
t h a t  i s  probably secondary t o  mild dehydration r e s u l t i n g  from t h e  marked 
polyuria .  There i s  no apparent de fec t  i n  neurohypophyseal ADH synthesis  or 

release as a consequence of L i  t reatment  because p i t u i t a r y  ADH content i s  un- 
a f f ec t ed  and 2 days of dehydration produce t h e  expected inc rease  i n  u r i n e  ADH 
excret ion and decrease i n  p o s t e r i o r  p i t u i t a r y  ADH content .  

+ 

Lithium ion given t o  vasopressin- t reated rats with severe DI can com- 
p l e t e l y  block t h e  e f f e c t  o f  t h e  administered vasopressin.  

be concluded t h a t  L i  induced polyur ia  r e s u l t s  from an an tagon i s t i c  effect of 

Li on the  act ion of ADH at t h e  r e n a l  tubule  l e v e l ,  and t h u s  creates 

a s ta te  of nephrogenic D I .  There appears t o  be no e f f e c t  of L i  on ADH 
synthesis  o r  r e l ease .  From o t h e r  data i n  published r e p o r t s ,  it i s  suspected 

t h a t  L i  i n t e r f e r e s  with ADH s t imu la t ion  of r e n a l  medullary adenyl cyclase and 
thus  prevents formation of i n t r a c e l l u l a r  c y c l i c  adenosinemonophosphate, t h e  
apparent nediator  of ADH e f f e c t  wi th in  t h e  c e l l  (refs.  6-9 and 6-10). 

Therefore,  it can 
+ 

+ 
+ 

+ 

Lithium i n  the  form of l i t h i u m  carbonate i s  an approved drug cu r ren t ly  

used i n  t h e  treatment of manic-depressive psychosis.  The a b i l i t y  of L i  t o  
cause ADK antagonism i n  t h e  human similar t o  t h a t  produced i n  t h e  rat has been 

+ 
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demonstrated by t h e  observat ion t h a t  p a t i e n t s  t r e a t e d  with l i t h ium carbonate 
have developed a nephrogenic DI-like syndrome. 

of L i  may prove t o  be  u s e f u l  i n  t h e  t reatment  of c l i n i c a l  states assoc ia ted  
with excessive w a t e r  r e t e n t i o n .  

Possibly,  t h e  d i u r e t i c  e f f e c t  
+ 
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7. SKYLAB BODY-FLUID VOLUMES STUDY 

By P h i l i p  C.  Johnson, M.D., and Carolyn S. Leach, Ph.D. 

The body contains  th ree  measurable water-containing volumes: plasma 
volume, i n t e r s t i t i a l  space,  and i n t r a c e l l u l a r  water ,  The kidneys have a 
na jo r  r o l e  i n  maintaining each of t h e  body-fluid compartments at adequate 
l eve l s .  Much of t h e  r e n a l  r egu la t ion  occurs i n  response t o  t h e  water hormone 
( a n t i d i u r e t i c  hormone) and e l e c t r o l y t e  hormones (a ldos te rone ,  cor t icos te rone ,  
and hydrocort isone) .  Even s l i g h t  changes i n  f l u i d  volumes can t r i g g e r  
hormonal a c t i v i t y  t o  which t h e  kidney responds. 
these  volumes should include hormone measurement; and, v i ce  versa ,  t h e  study 
of these  hormones should include es t imates  of t hese  volumes. 

Therefore ,  t h e  s tudy of 

Ex t race l lu l a r  f l u i d  (ECF) cons i s t s  of a vascular  and nonvascular 
component ( i n t e r s t i t i a l ) .  
undergoes changes t h a t  seem t o  be r e l a t e d  t o  the  durat ion of t h e  mission. 
The ex t ravascular  por t ion  of t h e  ECF might be expected t o  change, because 
it would seem l o g i c a l  t h a t  t he  upright  posture  on Earth would t end  t o  cause 
an accumulation of i n t e r s t i t i a l  f l u i d  i n  the  dependent por t ions  of t h e  body. 
Thus, i n t e r s t i t i a l  f l u i d  might have a l a b i l e  po r t ion  similar t o  the  l a b i l e  
por t ion  of t h e  plasma volume. 
rest seem t o  confirm t h i s  observat ion ( r e f .  7-1). However, the  two 
Apollo missions i n  which ECF w a s  measured suggest no s i g n i f i c a n t  change i n  
the  i n t e r s t i t i a l  po r t ion  of t h e  ECF. The mean-percent-volume change f o r  
t h e  s i x  crewmembers w a s  -1.5 percent .  When t h i s  was converted t o  percent 
change p e r  ml/kg body weight , t h e  value was +2.4 percent .  
t i s s u e  loss  r a t h e r  t han  change i n  ECF w a s  t h e  cause of  t h e  body-weight loss .  

The vascular  por t ion  (plasma volume) or ECF 

The ECF measurements after prolonged bed 

Th i s  i nd ica t e s  t h a t  

T o t a l  body w a t e r  (TBW) includes both e x t r a c e l l u l a r  and i n t r a c e l l u l a r  
f l u i d .  The e x t r a c e l l u l a r  por t ion  of TBW i s  the ECF, and the i n t r a c e l l u l a r  
por t ion  i s  a measure of lean  body mass. I n  the  two Apollo missions i n  which 
TBW of t h e  r e tu rn ing  crewmembers w a s  measured, t h e  values  i n d i c a t e  no s i g n i f i -  
cant change i n  i n t r a c e l l u l a r  f l u i d  concentrat ion.  The results a r e  cons is ten t  
w i t h  t i s s u e  loss  because the  mean-percent TBW volume change w a s  -2.1 percent ,  
b u t  when it was expressed as percent  pe r  ml/kg body weight,  t he  mean was 
-10.7 percent .  

Regulation of f l u i d  volumes can occur pr imar i ly  through hormones t h a t  
a f f e c t  water  regula t ion  o r  hormones t h a t  a f f e c t  e l e c t r o l y t e  regula t ion .  
No matter  which hormone starts t h e  process ,  both ty-pes of r egu la t ion  eventual ly  
occur t o  e f f e c t  an i s o t o n i c  r e s u l t .  I n  weight lessness ,  the e a r l y  change seems 
t o  be a f l u i d  s h i f t  i n  the vascular  volume t h a t  secondari ly  causes e l e c t r o l y t e  
e f f e c t s  by means of t h e  adrenal  hormones. 
i n d i c a t e  a s i g n i f i c a n t  loss of exchangeable potassium during t h a t  lunar landing 
mission. 

Studies  from t h e  Apollo 1 5  mission 

The most p l a u s i b l e  explanation of a decrease i n  exchangeable potassium 



i s  t h a t  weightlessness causes f l u i d  s h i f t s  and lo s ses  t h a t  eventual ly  r equ i r e  
increased aldosterone production t o  counterbalance the e f f e c t s  of water 
l o s s .  Under the inf luence  of t h i s  hormone, potassium i s  l o s t  and sodium 
i s  returned by t h e  kidneys.  The re t en t ion  of sodium eventual ly  increases  
plasma volume. 

The concomitant loss of potassium and unchanged i n t r a c e l l u l a r  f l u i d  
found i n  the  Apollo 1 5  mission suggest t h a t  t h e  potassium loss represented 
both a loss of t i s s u e  c e l l s ,  perhaps muscle c e l l s ,  and a lo s s  of potassium 
from t h e  remaining c e l l s .  
Cer ta in ly ,  l ack  of phys ica l  exerc ise  would not  expla in  i t ,  because atrophy 
from disuse takes  considerably longer than t h e  1 4  days of t h e  longes t  
mission t o  date .  

The cause of t h i s  t i s s u e  loss  i s  undetermined. 

Orbital. f l i g h t  produces changes i n  t h e  vascular  f l u i d  compartments , 
and some of these  changes seem r e l a t e d  t o  t h e  durat ion of t h e  mission. 
Skylab, being t h e  longes t  mission, w i l l  give inves t iga to r s  an opportunity 
t o  determine i f  t h e  changes observed i n  s h o r t e r  missions a r e  progressive 
w i t h  t ime o r  merely t ime-l imited changes assoc ia ted  with space f l i g h t .  

The TBW, ECF, and t o t a l  exchangeable-potassium methods t h a t  have been 
developed dur ing  t h e  Apollo Program and t h a t  w i l l  be used for t he  Skylab 
s tud ie s  have a l ready  been descr ibed.  

Body-fluid spaces can be measured by var ious chemical and rad ionucl ide  
techniques.  Radionuclide methods were chosen because they do not r equ i r e  
i n j e c t i o n  of l a rge  volumes of dyes o r  o ther  substances t h a t  might cause 
changes i n  t h e  systems or cause a l l e r g i c  r eac t ions .  Addit ional ly ,  radio- 
nucl ide procedures allow t h e  use of smaller amounts of blood and u r ine .  
A l l  radionucl ide s t u d i e s  cause r ad ia t ion  exposure t o  t h e  s u b j e c t ;  t h e  t o t a l  
body exposure t h a t  w i l l  r e s u l t  from t h e  Skylab radionucl ide s tud ie s  i s  shown 
i n  t a b l e  7-1. This t a b l e  a l s o  includes the  radionucl ides  t h a t  w i l l  be used 
t o  determine blood volume and red-ce l l  production and l i f e  span. 
l e v e l s  allow inves t iga to r s  t o  keep t h e  t o t a l  body r a d i a t i o n  wi th in  t h e  l i m i t s  
r equi red  f o r  occupational exposure. 
da te  (from a l l  sources including o r b i t a l  and luna r  missions,  medical X-ray, 
and radionucl ide s t u d i e s )  has been only a s m a l l  f r a c t i o n  of t h e  exposure 
allowed f o r  continuous t o t a l  body occupational exposure. Orbital missions , 
such as Skylab, w i l l  not be  a s soc ia t ed  with s i g n i f i c a n t  r ad ia t ion  exposure 
unless  unprogramed time i s  spent  i n  t h e  V a n  Allen b e l t s  and p a r t i c u l a r l y  
i n  t h e  South At l an t i c  anomaly. 
t h a t  t h e  dosage l i m i t s  of t h e  National Academy of Science w i l l  b e  approached 
i n  Skylab. 

These 

Actual exposure of t he  crewmembers t o  

Considering t h i s ,  t he re  seems no chance 
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8. RECENT STUDIES ON DAILY RHYTHMIC CHANGES I N  SEROTONIN 

CONTENT I N  W A S  OF THE MOUSE BRAIN AND 

NOREPINEPHRINE CONTENT I N  AREAS OF THE HAMSTER BRAIN 

By W i l l i a m  W. Morgan, F'h. D .  

INTRODUCTION 

The presence of  d iu rna l  rhythmic changes i n  the  content  of  biogenic  amines 
i n  t h e  b ra ins  of rodents i s  w e l l  e s t ab l i shed .  Diurnal changes i n  sero tonin  
content (refs. 8-1 t o  8-10) , norepinephrine content and synthes is  ( r e f s .  8-3 t o  
8-5 and 8-10 t o  8-16) , dopamine content ( r e f s .  8-5 and 8-15), and ace ty lchol ine  
content ( r e f .  8-17) have been repor ted ,  Although t h e  physiological  s i g n i f i -  
cance of t hese  phenomena i s  poorly understood, da i ly  changes i n  some of t h e  
biogenic amines have been co r re l a t ed  with similar changes i n  o ther  func t iona l  
parameters. Friedman and Walker ( r e f .  8-3) have reported p o s i t i v e  co r re l a t ions  
between d iurna l  changes i n  r e c t a l  temperature and motor a c t i v i t y  and t h e  d a i l y  
rhythm i n  norepinephrine content i n  rat bra ins .  These same researchers  found 
t h a t  t h e  h ighes t  l e v e l s  of b r a i n  sero tonin  during t h e  day were co r re l a t ed  with 
t h e  r e s t  and s l e e p  phases of  t he  da i ly  a c t i v i t y  cycle.  Schreiber  and 
Schlesinger  ( ref ,  8-18) found an inverse  co r re l a t ion  between c i rcadian  var ia-  
t i o n s  i n  sero tonin  content and s u s c e p t i b i l i t y  t o  audiogenical ly  induced se izures  
i n  DBA-2J mice. Scapagnini e t  al. ( r e f .  8-9) found a p o s i t i v e  co r re l a t ion  
between c i rcadian  changes i n  sero tonin  content i n  c e r t a i n  regions of t h e  rat 
b r a i n  and similar da i ly  changes i n  plasma cor t icos te rone  l e v e l s .  After damp- 
ening of t h e  sero tonin  rhythm by para-chlorophenylalanine ( P C P A )  , t h e s e  
researchers  found no d a i l y  changes i n  plasma cor t icos te rone  ( r e f .  8-9). 

A l t h o u g h  the  presence of d iu rna l  changes i n  the  content of some of t h e  
biogenic amines i s  we l l  documented and some evidence i s  ava i l ab le  t o  suggest 
t h a t  they may have phys io logica l  s ign i f i cance ,  very l i t t l e  i s  known about t h e  
f a c t o r s  t h a t  produce or r egu la t e  t hese  da i ly  rhythmic changes i n  t h e  content  of 
t he  b r a i n  amines. 

This  r epor t  summarizes t h e  r e s u l t s  of recent  experiments performed i n  t h e  
au tho r ' s  l abora tory  t o  i n v e s t i g a t e  t h e  f a c t o r s  involved i n  t h e  production and 
regula t ion  of da i ly  rhythm changes i n  sero tonin  content i n  t h e  mouse b ra in  and 
similar changes i n  norepinephrine content i n  the  hamster b r a i n .  
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mTHODS 

The f irst  series of experiments w a s  undertaken t o  determine t h e  nature  of 
t h e  d a i l y  rhythms i n  serotonin content i n  t h e  ce reb ra l  cor tex and t h e  brainstem 
of mice. Five experiments of t h i s  type were performed. I n  each experiment, 
36 adu l t  male B a l b / C  o r  AJAX mice were housed i n  groups of s i x  and maintained 
on a schedule of 1 2  hours of l i g h t  and 1 2  hours of dark (12:12 LD), with  t h e  
l i g h t s  on from 0900 t o  2100 da i ly .  
After 3 weeks, t h e  animals were s a c r i f i c e d  i n  groups of s i x  at 4-hour i n t e r v a l s  
over a 24-hour period. 
at 0400. S a c r i f i c e s  a t  4-hour i n t e r v a l s  provided a good r e so lu t ion  of t h e  
serotonin rhythm without disturbance t o  t h e  remaining animals by excessive 
entrance i n t o  t h e  animal room. S a c r i f i c e s  during t h e  dark phase were performed 
with i l luminat ion provided by a r e d  photographic sa fe ty  l i g h t  (Wratten 
1 f i l t e r ) .  

(All t imes a r e  central. standard t i m e . )  

The f irst  s a c r i f i c e  was performed a t  0800 and t h e  l a s t  

The animals were s a c r i f i c e d  by r a p i d  decapi ta t ion.  The skull of each ani-  
The cerebellum w a s  discarded and t h e  m a l  was opened and t h e  b r a i n  w a s  removed. 

brainstem and ce reb ra l  co r t ex  were d i s sec t ed  as described i n  reference 8-12. 
The d i s sec t ed  b ra in  po r t ions  were weighed and put i n t o  co ld  (277 K (4' C) ) acid- 
i f i e d  butanol f o r  homogenization. Serotonin and norepinephrine were ex t r ac t ed  
by using t h e  method of Maickel et  al. ( r e f .  8-19). The 5-hvdroxyindoleacetic 
ac id  (5-HIM) content was determined, af ter  f u r t h e r  extraction and quantitation 
of each b r a i n  homogenate, by using t h e  method of Curzon and Green (ref.  8-20). 
Serotonin was quan t i t a t ed  by using t h e  o-phthaldialdehyde method of Maickel 
e t  a l .  ( r e f .  8-19) as modified by Alpers and Himwich (ref.  8-21). Norepine- 
phrine w a s  quan t i t a t ed  by t h e  method of Chang ( ref .  8-22). The s t a t i s t i c a l  
s ign i f i cance  of t h e  changes i n  t h e  content of serotonin,  norepinephrine, o r  
5-HIM with t i m e  of day w e r e  determined by t h e  ana lys i s  of variance.  

I n  another experiment, t h e  r o l e  of feeding and of plasma tryptophan i n  t h e  
r egu la t ion  of t h e  d a i l y  rhythm i n  serotonin content i n  t h e  mouse b r a i n  w a s  
i nves t iga t ed .  For t h i s  experiment, 72 adu l t  male AJAX mice were divided i n t o  
two equal  groups. These animals were housed and exposed t o  t h e  12:12 LD regime 
as previously described. The con t ro l  animals had f r e e  access t o  food ( h r i n a  
Lab Chow) and water. The experimental animals were given water ad l i b i t u m  bu t  
were given food f o r  only 4 hours d a i l y ,  between 1000 and 1400. A f t e r  5 weeks, 
t h e  mice were weighed and then s a c r i f i c e d  by decapi ta t ion i n  groups of 1 2  
( s i x  con t ro l s  and s i x  experimentals) at 4-hour i n t e r v a l s  over a 24-hour per iod  
as previously described. Blood from t h e  c e r v i c a l  wound w a s  co l l ec t ed  i n  a 
heparinized 9 - m i l l i l i t e r  t e s t  tube .  
d i n a l l y  i n t o  symmetrical r i g h t  and l e f t  halves.  The serotonin content w a s  
determined i n  one h a l f  as described earlier; tryptophan content i n  t h e  o t h e r  
h a l f  of b r a i n  was determined by using t h e  method of Denckla and Dewey 
(ref.  8-23). The blood w a s  centr i fuged and t h e  tryptophan content w a s  deter-  
mined i n  the  plasma f r a c t i o n .  The s t a t i s t i c a l  s ign i f i cance  of t h e  d i f f e rences  
i n  plasma tryptophan, b r a i n  tryptophan, o r  b r a i n  serotonin with changes i n  t h e  
t i m e  of day i n  both con t ro l  a n d  nxperimental animals was determined by t h e  anal- 
y s i s  of variance.  E f fec t s  of -t 3 feeding regime on the  phasing (clock hour of 
peaks and t roughs)  of t h e  d a i l y  rhythms i n  each of t he  above parameters were 

The b r a i n  w a s  removed and divided longi tu-  
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determined by comparing graphs of  t h e  rhythm f o r  each parameter i n  con t ro l  as 
opposed t o  experimental animals. 

I n  a recent  experiment, t h e  turnover  of serotonin w a s  measured i n  MAX mice 
at var ious times of t he  day t o  determine how changes i n  the  rate of synthes is  o r  
degradation of se ro tonin  might be  r e l a t e d  t o  d iurna l  changes i n  t h e  sero tonin  
content  i n  t h e  mouse b ra in .  
exposed t o  t h e  12:12 LD regime. 
i n j e c t i o n  of probenecid (200 mg/kg) t o  i n h i b i t  t h e  a c t i v e  t r a n s p o r t  of 5-HIM 
from t h e  b ra in .  The probenecid w a s  d issolved i n  lN sodium hydroxide and 
then buffered t o  pH 7.4 with O . 5 M  phosphate bl i f fer .  
i n j e c t e d  con t ro l  mice were s a c r i f i c e d .  
stem and ce reb ra l  cor tex  por t ions  , as previously described. Serotonin and 
5-HIAA were ex t r ac t ed  and quan t i t a t ed  i n  t hese  b ra in  a reas .  Two hours l a t e r  
( a t  1000)  t h e  probenecid-treated animals were s a c r i f i c e d  and t h e i r  b ra ins  w e r e  
co l l ec t ed  and analyzed i n  the  same manner as t h e  cont ro ls .  The same procedure 
of i n j e c t i n g  probenecid i n t o  animals and s a c r i f i c i n g  of cont ro ls  w a s  repeated 
at 1600 and 0200. 
were s a c r i f i c e d  at 1800 and 0400, respec t ive ly .  The percent  i nc rease  i n  5-HIM 
content over t h e  2-hour per iod  i n  t h e  probenecid-treated animals was determined 
by sub t r ac t ing  t h e  m e a n  l e v e l  of 5-HIM i n  t h e  noninjected con t ro l s  from t h e  
mean 5-HIM l e v e l  i n  t h e  probenecid-treated animals s a c r i f i c e d  2 hours later and 
t h e  d iv i s ion  of t h i s  value by t h e  cont ro l  5-HIM value.  
n i f icance  of t h e  d i f fe rences  i n  t h e  t o t a l  5-HIM l e v e l s  and t h e  se ro ton in  
l e v e l s  i n  t h e  con t ro l  and i n  t h e  probenecid-treated animals a t  d i f f e r e n t  t i m e s  
of  t h e  day w a s  determined by t h e  ana lys i s  of var iance.  

A s  be fo re ,  36 mice were houeed six per  cage and 
A t  0800, s i x  mice were given an i n t r a p e r i t o n e a l  

A t  t h e  same t ime,  s i x  non- 
Their bra ins  were d i s sec t ed  i n t o  brain-  

The animals treated wi th  probenecid at t h e s e  t ime per iods 

The s t a t i s t i c a l  s ig-  

Experiments were a l s o  undertaken t o  inves t iga t e  t h e  na ture  of d a i l y  
rhythmic changes i n  t h e  l e v e l s  of norepinephrine i n  the  brainstem, t h e  dienceph- 
a lon ,  and t h e  ce reb ra l  co r t ex  of male golden hamsters. I n  each experiment, 
6-week-old male golden hamsters (Lakeview, New Je r sey )  were housed s i x  p e r  cage 
and exposed to a i4:lO LD regime, The l i g h t  phase was from 0600 t o  2000 d a i l y ,  
and room temperature w a s  maintained almost constant a t  295 K (22' C ) .  Food and 
water were ava i l ab le  ad libitum. 

I n  t h e  f i r s t  s tudy ,  24 hamsters were housed f o r  a per iod  of 3 months. On 
t h e  day of sacrifice, t h e  h a m s t e r s  w e r e  sacrificed i n  groups of six at 0800, 
1400, 2000, and 0100. S a c r i f i c e  of a l l  animals i n  t h e  respec t ive  groups w a s  
completed w i t h i n  45 minutes. During t h e  dark phase,  animals were s a c r i f i c e d  
under a d i m  red l i g h t ;  after s a c r i f i c e ,  t h e  s k u l l  w a s  opened immediately and t h e  
whole b r a i n  removed. The cerebellum, t h e  p i n e a l  gland,  and t h e  o l f ac to ry  bulbs 
were d i s sec t ed  and discarded. The brainstem w a s  separa ted  from t h e  s p i n a l  cord 
by a t ransverse  sec t ion  j u s t  p o s t e r i o r  t o  the  four th  v e n t r i c l e .  The d i s s e c t i o n  
of t h e  brainstem w a s  completed with a t r ansve r se  s e c t i o n  j u s t  a n t e r i o r  t o  t h e  
supe r io r  c o l l i c u l i .  The b r a i n  w a s  i nve r t ed  and t h e  d i s sec t ion  of t h e  dienceph- 
a lon w a s  begun by two s a g i t t a l  c u t s ,  one on each s i d e  of t h e  hypothalamus, made 
s l i g h t l y  oblique t o  cut p a r a l l e l  t o  t he  i n t e r n a l  capsule.  A t r ansve r se  cu t  
through the  region of t h e  a n t e r i o r  commissure completed t h e  d i s sec t ion  of t h e  
diencephalon. 
ce reb ra l  cortex.  
us ing  t h e  method of Maickel e t  al .  ( r e f .  8-19) and quan t i t a t ed  by t h e  method of 
Chang ( r e f .  8-22). 

The remainder of  t h e  b r a i n  w a s  considered c o l l e c t i v e l y  as t h e  
Norepinephrine content  i n  each b r a i n  a r e a  w a s  ex t r ac t ed  by 
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I n  a second study on t h e  d a i l y  norepinephrine rhythms i n  t h e  hamster b r a i n ,  
25 hamsters were maintained i n  t h e  previously described environmental condi t ions 
f o r  1 month. On t h e  day o f  t h e  experiment, t h e  animals were s a c r i f i c e d  i n  
groups of  fi-:? at 0600, 1200, 1600, 2000, and 2400. 
brainstem was  d i s sec t ed .  Norepinephrine i n  t h i s  b r a i n  area w a s  extracted and 
quan t i t a t ed  by using t h e  method o f  Shellenberger and Gordon ( r e f .  8-24). 

I n  t h i s  study, only t h e  

I n  a t h i r d  study, animals were sac r i f i ced  i n  groups of s ix  a t  0800, 1400, 
1800, and 0100. The brainstem, t h e  diencephalon, and t h e  cerebral  cor tex of 
each of  t hese  animals were co l l ec t ed ;  norepinephrine w a s  ex t r ac t ed  by using t h e  
Maickel e t  a l .  method ( r e f .  8-19) and quan t i t a t ed  with t h e  Chang method 
( r e f .  8-22). 

RESULTS 

Graphs r ep resen ta t ive  of t h e  d a i l y  rhythmic changes observed i n  serotonin 
content i n  t h e  brainstem and ce reb ra l  co r t ex  of a d u l t  m a l e  M A X  mice a r e  shown 
i n  f i g u r e  8-1. Only one peak i n  serotonin content i s  observed i n  t h e  mouse cer- 
e b r a l  cor tex .  A s  shown i n  f i g u r e  8-1, t h e  peak (P )  leve l  of  serotonin content 
i n  t h e  ce reb ra l  co r t ex  occurred a t  1200 during t h e  e a r l y  l i g h t  phase (with i l l u -  
mination occurring from 0900 t o  2100), whereas t h e  lowest or trough ( T )  l eve l  
occurred l a t e  i n  t h e  dark phase a t  0400. Two peaks i n  serotonin content are 
t y p i c a l l y  seen over t h e  24-hour day i n  t h e  brainstems of male mice. I n  f i g -  
u r e  8-1, these  peaks are observed at 0800 ( j u s t  before t h e  onset of t h e  l i g h t  
phase) and a t  2400 ( 3  hours a f te r  t h e  onset o f  t h e  dark phase) .  In  f i g u r e  8-1, 
troughs i n  t h e  d a i l y  rhythm i n  brainstem serotonin occur a t  1600 and 0400. The 
lowest l e v e l  o f  brainstem serotonin i s  observed l a t e  i n  t h e  dark phase a t  0400. 

The clock hours of t h e  peak and trough serotonin levels  found i n  t h e  cere- 
bral cortex of a d u l t  male mice i n  t h r e e  separate experiments a r e  indicated i n  
table  8-1. B a l b / C  mice were used i n  t h e  experiment conducted Apr i l . 26 ,  1972, 
while AJAX mice were s tud ied  i n  t h e  experiments conducted May 30, 1972, and 
June 20, 1972. 
t e n t  was observed a t  0400, l a t e  i n  t h e  dark phase,  b u t  w a s  again equal ly  as high 
a t  G ~ O C .  
throughout t h e  b-hour per iod between 0400 and 0800. 
t h e  trough i n  t h e  serotonin rhythm i n  t h e  ce reb ra l  co r t ex  was observed a t  2400, 
a l s o  during t h e  dark phase. 
peak was observed at 1200, during t h e  e a r l y  l i g h t  phase; and t h e  trough was ob- 
served at 0400, l a te  i n  t h e  dark phase. 
t h e  peak i n  serotonin content i n  t h e  ce reb ra l  cor tex w a s  again observed a t  1200 
and t h e  trough was observed again i n  t h e  dark phase at 2400. In a l l  t h r e e  ex- 
periments,  t h e  lowest level  o f  serotonin w a s  observed during t h e  dark phase of 
t h e  l i g h t i n g  regime. 

I n  t h e  experiment performed May 26, t h e  peak i n  serotonin con- 

It could not  be determined whether serotonin l e v e l s  remained high 
In  t h a t  same experiment, 

In  t h e  experiment performed May 30, t h e  serotonin 

In  t h e  experiment performed June 20, 

The clock hours o f  t h e  first and second peaks (P1 and P2) i n  t h e  serotonin 
rhythm i n  t h e  brainstem of a d u l t  male mice f o r  f ive  sepa ra t e  experiments are 
shown i n  t a b l e  8-11. 
T2) are a l s o  shown f o r  t h e s e  experiments. 
t h r e e  experiments, which were perfornied on February 1 5 ,  1972, February 23, 1972, 

The clock hours o f  t h e  f irst  and second troughs (T1 and 
Balb/C mice were used i n  t h e  f i r s t  
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and Apr i l  26, 1972; and M A X  mice were s tud ied  i n  t h e  May 30, 1972, and 
June 20, 1972, experiments. I n  t h e  experiment conducted February 15, 1972, 
peaks i n  t h e  se ro tonin  content were observed a t  0800 and at 2000, while t h e  
troughs were observed at  1600 and 0400. I n  t h e  experiment performed Febru- 
a ry  23, 1972, peaks i n  t h e  serotonin content were again observed a t  0800 and 
2000, and t h e  troughs occurred a t  1600 and 0200. I n  t h e  Apr i l  26 study, t h e  
peaks occurred a t  1200 and 0400, and the  troughs occurred at 0800 and 2400. 
The clock hours of t h e  peaks i n  brainstem serotonin content were i d e n t i c a l  
(0800 and 2400) f o r  the experiments of both May 30 and June 20. The clock 
hours of  t h e  troughs i n  t h e  former experiment occurred a t  1600 and 0400 and 
those i n  t h e  l a t t e r  occurred a t  1200 and 0400. 
t h a t  of February 23, t h e  lowest mean l e v e l  of serotonin w a s  observed during t h e  
dark phase of t he  l i g h t i n g  regime. 

I n  a l l  t h e  experiments except 

Although they  were sought i n  each experiment, s ign i f i can t  d a i l y  changes i n  
t h e  content of norepinephrine have not been cons i s t en t ly  found i n  any b ra in  a rea  
i n  e i t h e r  B a l b / C  or i n  AJAX mice. 
changes i n  norepinephrine content a r e  not c h a r a c t e r i s t i c  of t h e  mouse b ra in .  

It i s  thus reasonable t o  assume t h a t  d a i l y  

Changes i n  t h e  content of 5-HIAA, t h e  primary metabol i te  of se ro tonin ,  i n  
t h e  cerebra l  cor tex  of mice with changes i n  t h e  t i m e  of day are shown i n  
f igu re  8-2. 
f igu re .  The changes i n  t h e  content of 5-HIM i n  t h e  ce reb ra l  cor tex  with t i m e  
of day were s t a t i s t i c a l l y  s ign i f i can t  ( P  < 0.05) i n  all t h r e e  experiments. I n  
experiment 1, t h e  peak i n  5-HIM content w a s  observed a t  2000 with equal ly  low 
l e v e l s  observed a t  0800 and 2400. 
be present .  
2400. 
experiment 2 ,  one a t  1600 and t h e  second a t  0400. 
t h e  5-HIAA content w a s  c l e a r l y  evident.  
lowest l e v e l  of 5-HIAA occurred a t  1600. 

The r e s u l t s  of t h r e e  d i f f e r e n t  experiments a r e  compared i n  t h i s  

I n  experiment 2 ,  two peaks i n  5-HIAA seem t o  
Both occurred during t h e  dark phase, one a t  0800 and t h e  second a t  

I n  experiment 3, one peak i n  
Two almost equal ly  low l e v e l s  i n  t h e  5-HIAA content were observed i n  

T h i s  peak occurred at 2400, whereas t h e  

Changes i n  t h e  l e v e l s  of 5-HIAA i n  t h e  brainstem with t ime of day were not 
always s t a t i s t i c a l l y  s i g n i f i c a n t .  The t ime periods when brainstem 5-HIAA were 
high or low a l s o  var ied  from one experiment t o  another.  
da i ly  changes i n  brainstem 5-HIAA a r e  present ly  underway, but  no d a t a  on 5-HIAA 
content i n  the brainstem w i l l  be presented here .  

Further  s tud ie s  on 

Figure 8-3 summarizes t h e  r e s u l t s  of a preliminary experiment i n  which t h e  
turnover of se ro tonin  i n  t h e  ce reb ra l  cor tex  of AJAX mice w a s  determined during 
th ree  separa te  t imes over a 24-hour day. The turnover of serotonin w a s  deter-  
mined by measuring t h e  accumulation of 5-HIAA i n  t h e  cerebra l  cor tex  a f t e r  t h e  
ac t ive  t r anspor t  o f - t h i s  metabol i te  from t h e  b ra in  w a s  i nh ib i t ed  by t h e  in jec-  
t i o n  of probenecid (200 mg/kg) (ref.  8-25). A t  1000, t h e  5-HIM content had 
increased 75 percent  over t h a t  observed i n  mice s a c r i f i c e d  2 hours e a r l i e r  a t  
t h e  time when t h e  experiment mice received t h e i r  probenecid i n j e c t i o n .  
t h e  probenecid-injected animals had accumulated 45 percent more 5-HIAA than t h e  
cont ro ls .  
only 5 percent g r e a t e r  than t h a t  observed i n  t h e  con t ro l  animals s a c r i f i c e d  
2 hours e a r l i e r .  The decrease i n  t h e  t o t a l  l e v e l  of 5-HIAA accumulated i n  t h e  
cerebra l  cortex of  t h e  probenecid-treated animals a t  0400 w a s  s t a t i s t i c a l l y  
s ign i f i can t  ( P  < 0.01)  compared t o  t h e  l e v e l s  found i n  t h e  probenecid animals 

A t  1800, 

A t  0400, t h e  5-HIAA content of t h e  probenecid-injected animals w a s  



a t  1000 arid 185:. The content of 5-HIM i n  t h e  cerebra l  cor tex of t h e  con t ro l  
animals s2r;rificed a t  0200 w a s  g rea t e r  than  t h a t  observed i n  t h e  con t ro l  animals 
a t  0800 and 1600, but t h i s  increase i n  5-HIM content i n  t h e  cont ro l  animals w a s  
not s t a t i s t i c a l l y  s i g n i f i c a n t .  

Figures 8-4 t o  8-6 summarize t h e  r e s u l t s  of an experiment t o  t es t  t h e  
effect  of a r e s t r i c t e d  feeding regime on t h e  d a i l y  serotonin rhythm observed i n  
t h e  whole b r a i n  of AJAX mice. 
t h e  cont ro l  mice had food ava i l ab le  ad l ibi tum, whereas t h e  experimental animals 
were given food f'oi- only 4 hours,  between 1000 and 1400 da i ly .  
s tud ie s  ind ica ted  t h a t  t hese  mice normally eat almost 80 percent of  t h e i r  food 
during t h e  dark phase of  a 12:12 LD regime. 

A s  described i n  t h e  sec t ion  e n t i t l e d  "Methods," 

Preliminary 

I n  f i gu re  8-4, t h e  d a i l y  changes i n  whole plasma tryptophan a r e  compared 
f o r  t h e  con t ro l  and t h e  experimental animals. 
with time of day i n  both groups of animals were highly s ign i f i can t  (P < 0 . 0 1 ) .  
Figure 8-4 c l e a r l y  shows t h a t  t h e  rhythm i n  plasma tryptophan w a s  markedly 
a l t e r e d  i n  t h e  experimental an imals  maintained on t h e  d a i l y  feeding regime. The 
highest  l e v e l s  of whole plasma tryptophan i n  t h e  con t ro l  animals occurred during 
t h e  dark phase at 2400. This i s  approximately t h e  same period i n  which t h e  con- 
t r o l  mice were ea t ing  t h e  major por t ion  o f  t h e i r  d a i l y  food in take .  I n  t h e  
experimental animals, t h e  h ighes t  l e v e l  of plasma tryptophan occurred during t h e  
l i g h t  phase a t  1200. This t i m e  per iod fa l l s  a t  t h e  midpoint of  t h e  t i m e  i n t e r -  
va l  when food w a s  ava i l ab le  t o  these experimental animals. 

The changes i n  plasma tryptophan 

, 

I n  f i gu re  8-5, t h e  d iu rna l  changes i n  b r a i n  tryptophan content are compared 
for t h e  con t ro l  mice i n  r e l a t i o n  t o  those  on t h e  feeding regime. The d i f -  
ferences in bra in  tryptophan with t ime of day were s t a t i s t i c a l l y  s i g n i f i c a n t  f o r  
both t h e  con t ro l  and t h e  experimental animals (P < 0.01). 
w i t h  regard t o  whole plasma tryptophan, t h e  phasing of t h e  d a i l y  rhythm i n  b ra in  
?ryptophan was not appreciably a f f ec t ed  by t h e  feeding regime. The highest  
l eve ls  of b r a i n  tryptophan i n  both groups of animals occurred a t  0800 (1 hour 
b e f w e  t h e  onset of t h e  l i g h t  phase of t h e  l i g h t i n g  regime). The l e v e l s  of 
tryptophan i ? z  t h e  b ra ins  of t h e  con t ro l  animals and t h e  experimental animals 
were e s s e n t i a l l y  t h e  same a t  corresponding t ime po in t s  throughout t h e  24-hour 
per iod.  Only at. 2000 do t h e  s tandard e r r o r s  of  t h e  means f o r  t h e  con t ro l  and 
experimente? ar,irn&n not overlap.  Even a t  t h i s  t ime per iod,  t h e  mean l e v e l s  of  
b r a i n  tryptophan in t h e  two groups of animals were not s t a t i s t i c a l l y  
s i g n i f i c a n t .  

Unlike t h e  s i t u a t i o n  

~ 

The d a i l y  rhythms i n  b ra in  sero tonin  i n  t h e  experimental and t h e  con t ro l  
animals a r e  coqmred i n  f i g u r e  8-6. 
t ime of day were s t a t i s t i c a l l y  s i g n i f i c a n t  i n  both groups of animals 
( P  < 0.005) .  A s  w i t h  b r a i n  tryptophan, t h e r e  w a s  no apparent d i f f e rence  i n  t h e  
phasing of' t h e  d a i l y  serotonin rhythms i n  t h e  experimental compared t o  t h e  con- 
t r o l  animals. However, t h e  content of  se ro tonin  i n  t h e  bra ins  of t h e  con t ro l  
animals w a s  s i g n i f i c a n t l y  g r e a t e r  than t h a t  of t h e  experimental animals at 0800 
and 1200 ( P  < 0.025). 
t h e  changes i n  b r a i n  serotonin with t ime of day seem t o  p a r a l l e l  similar 
changes i n  t h e  content of b r a i n  tryptophan. 

The d i f f e rences  i n  serotonin content with 

When t h e  r e s u l t s  of f i gu res  8-5 and 8-6 a r e  compared, 
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Other experiments w e r e  concerned w i t h  determining t h e  na ture  of d iu rna l  

The results of one such experiment 
changes i n  norepinephrine content i n  t h e  brainstem, t h e  diencephalon, and t h e  
ce reb ra l  cor tex  of m a l e  golden hamsters. 
a r e  summarized i n  f igu re  8-7. I n  t h i s  s tudy,  s t a t i s t i c a l l y  s i g n i f i c a n t  changes 
i n  t h e  content of norepinephrine were observed i n  t h e  brainstem, t h e  diencepha- 
lon ,  and t h e  ce reb ra l  cor tex.  The highest  l e v e l s  of norepinephrine i n  each of 
t hese  t h r e e  bra in  areas w e r e  observed at t h e  end of t h e  l i g h t  phase (2000). 
The highest  l e v e l s  of norepinephrine i n  t h e  brainstem, t h e  diencephalon, and 
t h e  ce reb ra l  cor tex  represented respec t ive  increases  of 24 percent ,  46 percent ,  
and 36 percent over t h e  lowest levels of norepinephrine observed i n  each area. 

I n  t h e  first experiment on hamsters, norepinephrine had been ex t rac ted  
from each of t h e  b r a i n  areas by t h e  method of Maickel e t  a l .  ( ref .  8-19). 
t h e  second experiment on hamsters, only t h e  brainstem w a s  s tud ied ,  and t h e  
norepinephrine i n  t h i s  b r a i n  area w a s  ex t rac ted  by using t h e  Shellenberger and 
Gordon procedure ( r e f .  8-24). The results were very similar t o  those  found f o r  
t h e  brainstem i n  t h e  f i r s t  study ( f i g ,  8-8). 
t e n t  w a s  observed a t  1600 and t h e  lowest content of norepinephrine was observed 
a t  0600, -the end of t h e  dark phase. 
observed i n  t h e  first experiment suggest t h a t  the  Maickel and t h e  Shellenberger 
methods were giving d i f f e r e n t  values  f o r  norepinephrine content i n  t h e  hamster 
bra in .  However, i n  t h e  t h i r d  experiment shown i n  f i g u r e  8-8, t h e  l e v e l s  of 
norepinephrine found i n  the  hamster brainstem by t h e  Maickel method were i n  
c lose  agreement with those  found i n  t h e  second experiment by t h e  Shellenberger 
method. I n  t h i s  t h i r d  s tudy,  t h e  peak l e v e l  of norepinephrine i n  t h e  hamster 
brainstem w a s  observed at 1800, and t h e  norepinephrine w a s  almost equal ly  low 
a t  0800 and 1400. 

I n  

The peak of norepinephrine con- 

The lower l e v e l s  of norepinephrine 

DISCUSSION 

A s  shown i n  f i g u r e  8-1 and t a b l e  8-1, s i g n i f i c a n t  changes i n  t h e  content 
of se ro tonin  are observed i n  t h e  ce reb ra l  cor tex  of adult male mice. I n  AJAX 
m i c e ,  only one peak i n  sero tonin  content i s  observe&, usua l ly  e a r l y  i n  t h e  
l i g h t  phase a t  1200. Visual  observat ions ind ica t e  that  t h i s  i s  the period i n  
which these  animals are r e l a t i v e l y  i n a c t i v e  o r  as leep .  
serotonin i n  t h e  ce reb ra l  cor tex  i s  observed i n  t h e  dark phase a t  2400 and 
0400. 
approximately 80 percent  of  t h e i r  normal d a i l y  food consumption. 
t a b l e  8-1, B a l b / C  mice a l s o  have a similar d a i l y  rhythm i n  ce reb ra l  cor tex  
serotonin.  The peak i n  sero tonin  content i n  t h i s  s t r a i n  occurred somewhat 
e a r l i e r  a t  0400 and 0800. 
t on in  content with t ime of day were not always observed i n  t h e  B a l b / C  s t r a i n  of 
mice. 

The lowest level  of 

This i s  t h e  per iod  i n  which t h e  animals are a c t i v e  and a r e  ea t ing  
4s shown i n  

However, s t a t i s t i c a l l y  s i g n i f i c a n t  changes i n  sero- 

S t a t i s t i c a l l y  s i g n i f i c a n t  changes i n  sero tonin  content with t ime of day 
have been observed i n  t h e  brainstem of mice i n  every experiment t o  da te .  
a c t e r i s t i c a l l y ,  t h e r e  are two peaks i n  sero tonin  content i n  t h e  brainstem 
( f i g .  8-1). 
rhythm i n  t h e  brainstem i s  almost t h e  same from experiment t o  experiment 
whether B a l b / C  or AJAX mice are s tudied  ( table  8-11). The f irst  peak i n  t h e  

Char- 

The phasing (c lock  hour of peaks and t roughs)  of t h e  serotonin 
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serotonin content i n  t h e  brainstem is  observed usua l ly  near t h e  end of t h e  dark 
phase (0800) o r  during t h e  e a r l y  l i g h t  phase (1200) ( t a b l e  8-11). 
trough i s  observed i n  t h e  l i g h t  phase, u sua l ly  a t  1600 o r  a t  1200. 
study, t h e  f irst  trough w a s  observed a t  0800. 
during t h e  dark phase (2400 or 0400) o r  j u s t  before  t h e  onset of t h e  dark phase 
a t  2000 ( t a b l e  8-11). 
(2400 o r  0400) and i n  almost a l l  cases  r ep resen t s  t h e  lowest l e v e l  of serotonin 
observed during t h e  24-hour per iod.  

The f irst  
I n  one 

The second peak i s  observed 

The second trough i s  always found during t h e  dark phase 

When changes i n  5-HIM ( t h e  major metabol i te  of se ro tonin)  content a r e  
measured a t  d i f f e r e n t  t ime per iods over t h e  24-hour day, one peak i n  t h e  con- 
t e n t  of t h i s  substance i s  usua l ly  seen ( f i g .  8-2). 
dark phase (2400) o r  j u s t  before  t h e  onset  of t h e  dark phase (2000). 
second peak (observed i n  experiment 2 at 0800) may represent  t h e  same peak 
observed at 2400 during t h e  subsequent dark phase. Throughout t h e  24-hour 
per iod,  t h e  5-HIAA l e v e l s  i n  t h e  ce reb ra l  co r t ex  a re  usua l ly  inverse ly  corre- 
l a t e d  with t h e  l e v e l s  of se ro tonin .  If changes i n  t h e  5-HIAA content i n  t h e  
ce reb ra l  cor tex  a r e  co r re l a t ed  with changes i n  serotonin metabolism, t h e  
inverse r e l a t i o n s h i p  between 5-HIM and sero tonin  content may imply t h a t  t h e  
d a i l y  serotonin rhythm i s  due t o  changes i n  t h e  r a t e  of i t s  metabolism. I f  
t h i s  were t r u e ,  then  serotonin metabolism would seem t o  be g rea t e r  during t h e  
dark phase. 
per iod may not r e f l e c t  changes i n  sero tonin  metabolism but  r a t h e r  may r e f l e c t  
changes i n  t h e  r a t e  a t  which 5-HIM i s  a c t i v e l y  t ranspor ted  f r o m  t h e  bra in .  

This peak occurs during t h e  
The 

On t h e  o ther  hand, t h e  changes i n  5-HIM content over t h e  24-hour 

When t h e  turnover  of serotonin was  determined by measuring t h e  accumula- 
t i o n  of 5-HIAA a f t e r  probenecid i n j e c t i o n ,  a s i g n i f i c a n t  decrease i n  serotonin 
turnover  w a s  observed i n  t h e  dark phase (0400) compared t o  t h e  l i g h t  phase 
(1000 and 1800). This supports t h e  recent  r epor t  of Hery e t  a l .  ( r e f .  8-26) 
who found a decrease i n  sero tonin  synthes is  i n  t h e  ra t  b r a i n  during t h e  dark 
phase. 
and 8-4) t h a t  t h e  high l e v e l s  of se ro tonin  observed i n  rat  b ra in  during t h e  
l i g h t  phase may be func t iona l ly  r e l a t e d  t o  t h e  decreased a c t i v i t y  of these  ani-  
mals during t h e  l i g h t  phase. The results of t h i s  experiment on serotonin turn- 
over suggest t h a t  t h e  d a i l y  changes i n  5-HIM content observed i n  t h e  previous 
experiments a r e  a r e s u l t  of changes i n  t h e  t r anspor t  of t h i s  metabol i te  out of 
t h e  b ra in  r a t h e r  than a r e s u l t  o f  changes i n  t h e  turnover of serotonin.  A t  
t h i s  wr i t i ng ,  only one experiment measuring t h e  turnover of se ro tonin  has been 
performed. Other s tud ie s  a re  needed before  any conclusion about t h e  r e l a t ion -  
sh ip  of serotonin turnover t o  t h e  d a i l y  sero tonin  rhythm can be determined. 

These results support t h e  suggestion of Friedman and Walker ( r e f s .  8-3 

Fernstrom and Wurtman ( r e f .  8-27) have suggested t h a t  t h e  d a i l y  rhythm i n  
rat b r a i n  serotonin may be t h e  r e s u l t  of similar d a i l y  va r i a t ions  i n  plasma 
tryptophan. Perez-Cruet e t  a l .  (ref.  8-28) have proposed t h a t  t h e  d iurna l  
changes i n  b r a i n  sero tonin  may be secondary t o  d iu rna l  cycles  i n  feeding and t o  
t h e  inf luence  of food in take  on c i r c u l a t i n g  l e v e l s  of plasma tryptophan. 
r e s u l t s  of t h e  experiment summarized i n  f i g u r e  8-6 do not s e e m  t o  support a 
major r o l e  f o r  d a i l y  food in take  as a f a c t o r  involved i n  t h e  regula t ion  of t h e  
d a i l y  sero tonin  rhythm i n  mouse whole b ra in .  A s  shown i n  f igu re  8-6, t h e  
phasing of t h e  d a i l y  serot0ni.n rhythms i n  t h e  whole b ra ins  of cont ro l  and 
experimental mice w a s  t h e  same even though t h e  experimental mice were given 
food f o r  only a 4-hour per iod,  from 1000 t o  1400 da i ly .  The cont ro l  mice 

The 
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normally eat 80 percent of t h e i r  d a i l y  food consumption during t h e  dark phase 
(2100 t o  0900) of a 12:12 LD regime. 
experimental mice was  s i g n i f i c a n t l y  lower than  t h a t  of t h e  con t ro l s  at 0800 and 
1200 ( P  < 0.025). 
t h e  per iod of food consumption f o r  t h e  experimental animals. It is  l i k e l y  t h a t  
t h e  serotonin contents  i n  t h e  bra ins  of t h e  experimental animals a r e  lower a t  
these  t i m e  po in ts  because these  animals a r e  awake and ea t ing  a t  t h i s  time 
ins tead  of r e s t i n g ,  as t h e  con t ro l  animals are. The content of b ra in  sero tonin  
i n  t h e  experiment mice a t  0800 i s  s t i l l  the highest  observed during t h e  24-hour 
period. 

The content of b ra in  sero tonin  i n  t h e  

These t ime periods represent  times j u s t  before  and during 

Food in take  does not seem t o  be a major f ac to r  a f f ec t ing  t h e  d a i l y  rhythm 
The results out l ined  i n  f igu re  8-5 show t h a t  t h e  of b ra in  tryptophan i n  mice. 

r e s t r i c t e d  feeding regime d id  not a l ter  t h e  bra in  tryptophan content or t h e  
d a i l y  rhythm i n  t h e  l e v e l s  of tryptophan i n  t h e  whole b ra in  of t h e  experimental 
mice compared t o  con t ro l s .  
and t h e  b ra in  tryptophan rhythms ( f i g .  8-5) fo r  both t h e  con t ro l  and t h e  exper- 
imkntal  animals does ind ica t e  a c lose  co r re l a t ion  between t h e  d a i l y  rhythms i n  
b r a i n  serotonin and tryptophan. 
because t h e  proportion of t o t a l  b ra in  tryptophan present  i n  serotonergic  neu- 
rons,  and thus  ava i l ab le  f o r  serotonin synthes is ,  must be r e l a t i v e l y  s m a l l .  

A comparison of t h e  serotonin rhythms ( f i g .  8-6) 

The co r re l a t ion  may be only co inc identa l  

Figure 8-4 ind ica t e s  t h a t  food in take  may have an important r o l e  i n  regu- 
l a t i n g  t h e  d a i l y  rhythm i n  t o t a l  plasma tryptophan. I n  t h e  con t ro l  animals, 
t h e  peak i n  plasma tryptophan content occurred during t h e  dark phase (2400) ,  
which corresponds t o  t h e  t i m e  t h a t  t hese  animals were consuming approximately 
80 percent of t h e i r  d a i l y  food in take .  
t o  eat a t  another t i m e  during t h e  day (between 1000 and 1400 of t h e  l i g h t  
phase) ,  t h e  plasma tryptophan rhythm was a l t e r e d  so  t h a t  t h e  peak w a s  again 
observed during t h e  time of  food consumption (1200). 
d a i l y  rhythm i n  plasma ty ros ine  were observed i n  a similar study i n  which rats 
were fed only during a d a i l y  4-hour per iod ( r e f .  8-29). 

When t h e  experimental mice w e r e  forced 

Similar  changes i n  t h e  

Although t h e  rhythm i n  whole plasma tryptophan w a s  a l t e r e d  by t h e  feeding 
r e g i m e ,  t h e  phasing of  t h e  b r a i n  serotonin rhythm w a s  not .  These results also 
argue aga ins t  a r o l e  f o r  whole plasma tryptophan as a major factor involved i n  
t h e  regula t ion  of t h e  d a i l y  rhythmic changes i n  b ra in  serotonin.  
co r re l a t ion  was observed between plasma tryptgphan and b ra in  sero tonin  even i n  
t h e  cont ro l  animals.  
occurred a t  2400, almost 8 hours before  t h e  peak i n  b ra in  serotonin.  The pre- 
s e n t  r e s u l t s  cannot completely rule out a r o l e  for plasma tryptophan i n  pro- 
ducing t h e  b ra in  sero tonin  rhythm, because only t o t a l  plasma tryptophan w a s  
measured. A por t ion  o f  plasma tryptophan i s  bound t o  albumin and thus  is  not 
immediately ava i l ab le  f o r  uptake by t h e  brain o r  o ther  t i s s u e s  ( ref .  8-30). 
Studies  t o  compare d a i l y  changes i n  f r e e  plasma tryptophan w i t h  d a i l y  changes 
i n  b ra in  serotonin are an t i c ipa t ed .  

No p o s i t i v e  

The peak of whole plasma tryptophan i n  t h e  c o n t r o l  mice 

The present  results a l s o  provide no evidence fo r  a major role of t o t a l  
plasma tryptophan i n  t h e  regula t ion  of t h e  content of b r a i n  tryptophan o r  of 
t h e  daily rhythm i n  t h e  content of  brain tryptophan. 
( re f .  8-28) a l s o  concluded t h a t  plasma and b ra in  tryptophan were regula ted  by 
d i f f e r e n t  mechanisms, 

Perez-Cruet e t  al. 
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The rhythmic changes with t i m e  of day i n  the norepinephrine content i n  
hamster b ra in  correspond c lose ly  i n  t he  brainstem, the diencephalon, and the  
cerebra l  cor tex ( f i g .  8-7). The clock hours of peaks and troughs of t h e  
norepinephrine content i n  these  b r a i n  a reas  a l s o  show c lose  agreement when 
separa te  experiments a r e  compared ( f i g .  8-8). 
norepinephrine i s  observed la te  i n  or at  t h e  end of t h e  l i g h t  phase, and t h e  
lowest l e v e l  normally occurs during t h e  middle of or end of  t h e  dark phase. 
t h e  t h i r d  experiment ( f i g .  8-8) , t h e  lowest l e v e l  of norepinephrine was  
observed during t h e  e a r l y  l i g h t  phase, but it seems very l i k e l y  from t h e  da ta  
t h a t  norepinephrine content would have been equal ly  low during t h e  l a t e  dark 
phase had a s a c r i f i c e  been performed at t h a t  time. Indeed, a subsequent exper- 
iment (no t  discussed i n  t h i s  r e p o r t )  has confirmed t h i s  conclusion. The demon- 
s t r a t i o n  of similar rhythms i n  norepinephrine i n  t h e  hamster brainstem, whether 
t h e  Shellenberger or t h e  Maickel method w a s  used for t h e  ex t r ac t ion  of norepi- 
nephrine, s t rongly  supports t h e  conclusion t h a t  t h e  rhythm observed i s  indeed a 
t r u e  rhythm i n  norepinephrine. 
reported for whole hamster b ra ins  by Lew ( ref .  8-13). 

I n  general ,  t h e  highest  l e v e l  of  

I n  

A s i m i l a r  d a i l y  norepinephrine rhythm w a s  

SUMMARY 

1. Reproducible rhythmic changes i n  sero tonin  content have been observed 
i n  t h e  b r a i n s t e m  and cerebral  cortex of AJAX mice. 

2. The d a i l y  sero tonin  rhythm i n  t h e  mouse ce reb ra l  cor tex  has one peak, 
which normally OCCUTS e a r l y  i n  t h e  l i g h t  phase. 

3. The d a i l y  sero tonin  rhythm i n  t h e  mouse brainstem i s  usua l ly  charac- 
t e r i z e d  by two peaks: one i n  t h e  l i g h t  phase and one t h a t  u sua l ly  appears i n  
t h e  dark phase. The lowest l e v e l  of se ro tonin  observed i n  t h e  brainstem over 
t h e  24-hour per iod  usua l ly  occurs la ter  i n  dark phase. 

4. Reproducible changes i n  5-HIAA content with t ime of day a r e  a l s o  
observed i n  t h e  ce reb ra l  cor tex  of mice. These d a i l y  changes i n  5-HIPLA content 
may be more t h e  r e s u l t  of a change i n  t h e  r a t e  of t r anspor t  of t h i s  se ro tonin  
metabol i te  out of t h e  b r a i n  than t o  a change i n  t h e  turnover  of serotonin.  

5. Preliminary r e s u l t s  i n d i c a t e  t h a t  se ro tonin  turnover i n  t h e  ce reb ra l  
cor tex  of t h e  mouse i s  g r e a t e r  during t h e  l i g h t  phase than during t h e  dark phase 
of a l i g h t i n g  regime t h a t  cons i s t s  of 1 2  hours of  l i g h t  and 12  hours of darkness. 

6 .  The d a i l y  serotonin rhythm i n  t h e  whole mouse b r a i n  i s  co r re l a t ed  with 
a similar rhythm i n  b ra in  tryptophan. 
b r a i n  serotonin nor b ra in  tryptophan seems t o  be dependent upon or secondary t o  
d a i l y  cyc l i c  v a r i a t i o n s  i n  food consumption o r  t o  whole plasma tryptophan. 

However, t h e  d a i l y  rhythm i n  ne i the r  

7.  The rhythmic d a i l y  changes i n  whole plasma tryptophan i n  mice do seem 
t o  be r e l a t e d  t o  i f  not dependent upox d a i l y  va r i a t ions  i n  t h e  food consumption. 

8. Reproducible changes i n  norepinephrine content were observed i n  
t h e  brainstem, diencephalon, and ce reb ra l  cor tex  of adul t  male golden hamsters. 
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Figure 8-1.- Comparison of d a i l y  changes i n  serotonin content found i n  t h e  
cerebra l  cor tex  and brainstem of mice. 
error;  hor izonta l  black bar represents  the  dark phase of t h e  12:12 LD l i g h t i n g  
regime. 

Brackets represent  mean k standard 

8-1 5 



0.320 

.280 
Experiment 3 

.240 A; ti( 

.200 

1 

0.320 
Experiment 2 

.240 

.2 00 ; 

o.280 r 
Experiment 1 

Pc0.05 

.2 00 L k 

.160 A 
0600 1000 1400 1800 2200 0200 0600 

Time, hr 
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9 .  STUDIES OF SODIUM HOMEOSTASIS DURING SIMULATED WEIGHTLESSNESS: 

APPLICATION OF THE WATER IMMERSION MODEL TO MAN 

By Murray Epstein,  M.D. 

Report of  recent  man 

INTRODUCTION 

ed o r b i t a l  f l i g h t s  have d i s c l o  
n a t r i u r e s i s  and weight l o s s  following manned space f l i g h t  

3 a s ign i f i can t  
( r e f s .  9-1 and 9-2).  

‘Attempts t o  inves t iga t e  and def ine  t h e  volume deple t ion  during weightlessness 
have been thwarted by t h e  inherent  d i f f i c u l t i e s  i n  performing in - f l i gh t  
physiological  inves t iga t ions .  A previous r epor t  from t h i s  labora tory  proposed 
the  use of t h e  model of water immersion as an inves t iga t ive  t o o l  f o r  studying 
t h e  c i r cu la to ry  mechanisms of plasma volume con t ro l  and sodium homeostasis 
during weightlessness ( r e f .  9-3). 

Previous s tud ie s  c a r r i e d  out on sodium-depleted subjec ts  demonstrated that 
water immersion to t h e  l e v e l  of the  s te rnoc lav icu lar  notch (neck immersion) 
induced profound a l t e r a t i o n s  of t h e  renin-aldosterone system and r e n a l  sodium 
handling (refs. 9-3 and 9-4). Six hours of water immersion t o  the neck pro- 
duced a 50 percent  decrease i n  plasma ren in  a c t i v i t y  (PRA) and ur inary  aldos- 
te rone  excret ion i n  normal subjec ts  i n  balance on a 10-meq sodium d i e t .  
Although t h e  r a t e  of sodium excret ion (U V )  during immersion w a s  twentyfold N a  
g rea t e r  than during t h e  con t ro l  per iod,  t h e  absolu te  increase  i n  sodium excre- 
t i o n  during water immersion w a s  exceedingly small, possibly r e f l e c t i n g  t h e  
l i m i t a t i o n s  imposed by t h e  sodium depleted and volume contracted s t a t e  of t h e  
subjec ts .  Therefore,  an add i t iona l  study w a s  undertaken t o  a s ses s  the  e f f e c t s  
of water immersion on r e n a l  sodium management during a sodium intake (150 m e q )  
more near ly  approximating t h a t  of t h e  normal d i e t  ( r e f .  9-5 ) .  
pated t h a t  such s tud ie s  would fu r the r  c l a r i f y  the  mechanisms involved i n  t h e  
n a t r i u r e s i s  of water immersion. 

It was a n t i c i -  

DISCUSSION 

Studies  of r e n a l  sodium and potassium management were conducted on seven 

Control and immersion s t u d i e s  were conducted on each sub- 
heal thy male subjec ts  who had consumed a d i e t  containing 150 meq sodium and 
100 meq potassium. 
j e c t  on t h e  t h i r d  and f i f t h  days of d i e t a r y  e q u i l i b r a t i o n ,  respec t ive ly .  By 
t h a t  t ime,  a l l  subjec ts  had achieved sodium balance.  On study days, i d e n t i c a l  
protocols  were conducted as follows. 
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Each subjec t  w a s  given a 400-mi l l i l i t e r  o r a l  water load a t  0800 hours. 
Af te r  voiding and completely emptying h i s  bladder ,  t h e  study began with t h e  
subject  assuming a seated pos i t i on  f o r  6 hours. 
each subject  sat q u i e t l y  outs ide  t h e  immersion tank f o r  t h e  6-hour period. 
During immersion, t h e  seven sub jec t s  sat i n  t h e  study tank immersed i n  water t o  
t h e  neck for t h e  6-hour period. Each subjec t  voided spontaneously every hour. 
To maintain an adequate u r ine  flow, 200 mill i l i ters of water w a s  administered 
o r a l l y  every hour during each study. Sodium, potassium, and c r e a t i n i n e  were 
measured i n  a l i q u o t s  of the hourly ur ine  co l l ec t ions .  Blood w a s  co l l ec t ed  a t  
2-hour i n t e r v a l s  throughout t h e  study. 

During t h e  con t ro l  s tud ie s ,  

Immersion was i n  a waterproof tank descr ibed i n  reference 9-3. A constant  
water temperature of 307 2 0.5 K (34 k 0.5' C )  was maintained by two heat ex- 
changers wi th  a combined output of 14 233 725 J / h r  (13 500 Btu/hr) con t ro l l ed  
by an ad jus t ab le  temperature-calibrated con t ro l  meter, t h e  input  t o  which was 
derived from two thermis tors  immersed a t  d i f f e r e n t  water l e v e l s .  

The e f f e c t s  of 6 hours of water immersion on sodium excret ion are shown 
i n  f i g u r e  9-1. N a  
t o  71 peq/min, desp i t e  a doubling of u r ine  flow. 
t o  t h e  neck resulted i n  a highly s i g n i f i c a n t  increase  i n  U 

con t ro l  per iod ,  beginning a t  hour 1 ( P  < 0 . 0 0 5 ) .  
study, U V during immersion w a s  t h ree fo ld  t o  four fo ld  g rea t e r  than during t h e  

comparable c o n t r o l  per iods  ( P  < 0.005).  
immersion w a s  71.6 f 4.0 meq, t h r e e f o l d  g r e a t e r  than 23.0 & 2.5 meq during 
con t ro l  ( P  < o . o o ~ ) .  

During con t ro l  studies, t h e  U V w a s  cons tan t ,  ranging from 58 

I n  c o n t r a s t ,  water immersion 
V compared t o  t h e  

During t h e  f i n a l  5 hours of 
N a  

N a  
N e t  sodium excre t ion  during 6 hours of 

The present  s t u d i e s  demonstrate t h a t  immersion t o  t h e  neck f o r  normal 
sub jec t s  i n  balance on a 150 meq sodium d ie t  produces an earlier (hour 1 
compared t o  hour 4) and more profound increase  i n  t h e  U 

sub jec t s  s tud ied  on a 10 meq sodium in take  ( f i g .  9-1). 
sodium excreted during t h e  6 hours of immersion w a s  almost t en fo ld  g rea t e r  than  
t h a t  found i n  p a t i e n t s  s tud ied  on a 1 0  meq sodium d ie t  (ref.  9-3) .  

V than i n  comparable 

The t o t a l  quan t i ty  of 
N a  

The e f f e c t  of water immersion on potassium excre t ion  i s  shown i n  f ig -  
The rate of potassium excret ion ( U  V )  d i d  not vary s i g n i f i c a n t l y  ure 9-2. 

during t h e  c o n t r o l  s t u d i e s ,  ranging from 51 t o  68 peq/min. 
a s i g n i f i c a n t  increase  i n  UKV beginning a t  hour 1 and p e r s i s t i n g  through 

hour 4. 
con t ro l  s t u d i e s  a t  a t ime t h a t  U V remained elevated.  N a  
during immersion w a s  35.4 k 
during t h e  c o n t r o l  s t u d i e s  ( P  < 0.005). 

K 
Immersion produced 

During t h e  f i n a l  2 hours,  UKV w a s  not s i g n i f i c a n t l y  d i f f e r e n t  from the  

Net potassium excret ion 

2.8 meq, almost double the 20.9 f 2.6 meq found 

The r e l a t i o n s h i p  between t h e  increments i n  r a t e  of u r ine  flow (V) and U V 

The mean percent  increment i n  UNaV 
Na 

during each per iod  i s  depicted i n  f igu re  3. 

increased p r o p e s s i v e l y  during t h e  f irst  3 hours of immersion, at  a t i m e  tha t  
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t h e  mean percent increment i n  V w a s  decreasing. This demonstration of a 
d i s soc ia t ion  between r e n a l  sodium and water management during immersion i s  con- 
s i s t e n t  with recent  evidence suggesting t h e  presence of independent a f f e r e n t  
mechanisms mediating a n t i d i u r e t i c  hormone (ADH) and ren in  release. Brennan 
e t  a l .  ( ref .  9-6) have demonstrated t h a t  increases  i n  l e f t  a t r ia l  pressure re- 
s u l t  i n  decreases i n  ADH, without accompanying changes i n  PRA; on t h e  o ther  
hand, increases  i n  r i g h t  a t r i a l  pressure r e s u l t  i n  s i g n i f i c a n t  decreases i n  PRA 
but no appreciable  changes i n  plasma ADH. 

Although t h e  increase  i n  UNaV observed during immersion i s  associated with 

a decrease i n  a ldosterone excret ion (refs. 9-3 and 9-4), t h e  r o l e  of t h i s  de- 
crease i n  mineralocort icoid a c t i v i t y  i n  mediating t h e  n a t r i u r e s i s  remains 
unclear.  Since e f f e c t s  on r e n a l  sodium management a r e  manifest only after a 1- 
t o  2-hour lag  following changes i n  t h e  aldosterone l e v e l  ( r e f s .  9-7 and 9-8) ,  
t h e  e a r l y  n a t r i u r e s i s  observed here wi th in  the  i n i t i a l  hour of immersion 
suggests that  t h e  n a t r i u r e s i s  cannot be so l e ly  a t t r i b u t e d  t o  decreased aldos- 
te rone .  This inference i s  f u r t h e r  supported by t h e  occurrence of a concomitant 
k a l i u r e s i s .  

To assess  t h e  quan t i t a t ive  cont r ibu t ion  of a ldosterone suppression t o  t h e  
n a t r i u r e s i s  of water immersion, an  addi t iona l  study w a s  made, examining r e n a l  
sodium management i n  normal subjec ts  undergoing water immersion before  and 
a f t e r  adminis t ra t ion of exogenous mineralocort icoid ( r e f .  9-9 ) .  
male subjec ts  were s tud ied  following equ i l ib ra t ion  on a 150 meq sodium and 
70 meq potassium d i e t .  Following equ i l ib ra t ion ,  each subjec t  underwent a con- 
t r o l  study on day 3, followed on day 5 by a repea t  study during deoxycorticos- 
terone a c e t a t e  (DOCA) adminis t ra t ion ( con t ro l  + DOCA),  on day 8 by water 
immersion t o  t h e  neck (immersion), and on day 11 by immersion p lus  DOCA 
adminis t ra t ion (immersion + DOCA). 
sub jec t  sat  i n  t h e  tank immersed i n  water t o  t h e  neck f o r  4 hours (0900 hours 
t o  1300 hours ) ,  preceded and followed by 1 hour of qu ie t  s i t t i n g  outs ide t h e  
tank (preimmersion and recovery hours,  r e spec t ive ly ) .  Deoxycorticosterone ace- 
t a t e ,  5 mill igrams, was administered intramuscular ly  t o  each subjec t  a t  1300 
and 1900 hours on t h e  day preceding, and a t  0100 and 0700 hours on t h e  days of 
the con t ro l  + DOCA and immersion + DOCA s tud ie s .  

S ix  healthy 

During immersion and immersion + DOCA, t h e  

The e f f e c t s  of 4 hours of  water immersion on sodium excret ion are depicted 
i n  f igu re  9-4. 
s i g n i f i c a n t  increase  i n  U V as compared t o  t h e  con t ro l ,  beginning wi th  t h e  

i n i t i a l  hour of immersion (P < 0.05) .  
U V during immersion w a s  t h ree fo ld  t o  four fo ld  g r e a t e r  than during t h e  

comparable con t ro l  periods.  
immersion (recovery)  w a s  accompanied by a prompt decrease i n  sodium excre t ion  
as compared wi th  t h e  f i n a l  hour of immersion (P < 0.005) ,  U 
elevated throughout t h e  recovery hour as compared wi th  the  preimmersion hour 
(P < 0.001) and t h e  comparable cont ro l  per iod ( P  < 0.01) ( f i g .  9-5). 

Water immersion t o  t h e  neck (immersion) r e s u l t e d  i n  a highly 

N a  
During t h e  f i n a l  3 hours of t h e  study, 

N a  
Although r e t u r n  t o  qu ie t  s i t t i n g  a f t e r  4 hours of 

V w a s  s t i l l  Na 

Pretreatment w i t h  DOCA for 24 hours ( con t ro l  + DOCA) r e s u l t e d  i n  a 
decrease i n  U V by more than 50 percent a t  each hour of study compared t o  t h e  Na 
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I control alone. 
immersion, UNaV was still threefold to fourfold greater during immersion + DOCA 

khan during the comparable control + DOCA periods (P  < 0.01). 
crease in sodium excretion during the recovery hour compared to hour 4 of 
immersion + DOCA (P < O.O5), U V continued to exceed preimmersion values 
(P < 0.05) and the value during the comparable period of DOCA treatment alone 

Although DOCA pretreatment also blunted the natriuresis of 

Despite a de- 

Na 

(P  0.01) .  

The present studies demonstrate that the administration of a potent 
mineralocorticoid in pharmacologic doses fails to abolish the natriuresis of 
water immersion. Although DOCA decreased UNaV during immersion by more than 

50 percent, UNaV during immersion + DOCA again exceeded UNaV during control + 
DOCA by several fold. 

- 

The delayed rate of disappearance of the natriuresis observed during 
recovery following both immersion and immersion + DOCA further clarifies the 
mechanisms involved in immersion natriuresis. 

excretion of sodium continued to exceed preimmersion values throughout the 
recovery hour (figure 9-5) .  
by the fact that it occurred in the face of marked volume contraction, as 
demonstrated by a significant negative sodium balance of 60.5 meq/4 hours, 
accompanied by a weight loss of 1.2 kilograms, as well as a significant 
antidiuresis occurring as early as the first 30 minutes of recovery. The 
persistence of the natriuresis in the face of progressive volume contraction 
suggests that the natriuretic stimulus was sufficiently potent to override the 
compensatory mechanisms that participate in the defense of volume homeostasis 
(ref'. 9-1) and that a humoral factor rather than more rapidly acting hemody- 
namic and neural mechanisms may be involved in mediating the natriuresis. Such 
a humoral factor may be identical with the putative "natriuretic hormone" 
postulated by De Wardener over a decade ago (ref. 9-10). 

Both UNaV and the fractional 

The significance of this finding is underscored 

Although the precise mechanisms and mediators remain to be clarified, the 
demonstrated ability of water immersion to reproducibly suppress renin and 
aldosterone and produce a significant natriuresis suggests that the model of 
water immersion may constitute a useful investigative tool for studying the 
circulatory mechanisms of plasma volume control and sodium homeostasis during 
weightlessness, and specific countermeasures for the management of the 
natriuresis of manned space flight. 
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Figure 9-1.- Comparison of t h e  e f f e c t s  of immersion on the  r a t e s  of sodium 
excret ion (U V )  f o r  sub jec t s  i n  balance on low sodium and high sodium 

diets .  Note t h e  d i f f e r e n t  s c a l e s  on t h e  ord ina tes ;  shaded a reas  represent  
t h e  mean k standard e r r o r  f o r  c o n t r o l  s tud ie s ;  brackets  represent  mean f 
standard e r r o r  f o r  immersion s t u d i e s  (from ref. 9-5). 
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Figure 9-2.- Comparison of r a t e s  of potassium excre t ion  during con t ro l  
and water immersion. Shaded a r e a  represents  mean t s tandard  error 
f o r  con t ro l  s tud ie s ;  b racke ts  represent  mean 2 standard error  for 
immersion studies (N = 7 ) .  
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Figure 9-3. - Relat ionship of percent  increments during immersion as 
compared t o  con t ro l ,  i n  rates of u r ine  flow (V) and sodium ex- 
c r e t i o n  (UmaV). 
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Figure 9-5.- E f fec t  of ce s sa t ion  of water immersion on the r a t e s  of 
sodium excre t ion  ( U  v ) ,  u r ine  flow ( v ) ,  and f r e e  w a t e r  c learance  

IC Shaded a reas  represent  mean k standard e r r o r  fo r  c o n t r o l  

hours; brackets  represent  mean t s tandard  e r r o r  for imer s ion  
group ( f rom ref. 9 ) .  
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